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INVESTIGATION OF OCCULTATION AND IMAGERY PROBLEMS
FOR ORBITAL MISSIONS TO VENUS AND MARS

By Richard N. Green
Langley Research Center

SUMMARY

A computer program for the purpose of providing mission design data for planeto-
centric elliptical orbits about either Mars or Venus has been developed. The times at
which the satellite enters into and exits from the shadows of the Sun, Earth, and Canopus
are computed. In addition, the positions in orbit that correspond to desirable lighting
conditions on the surface for vertical photography are computed. A program option allows
for these conditions to be examined at various times by permitting the planet to proceed
in its orbit about the Sun. The mean heliocentric position of the planet, the angles in the
Earth-Sun-planet triangle, and the associated distances are also included in the list of
output parameters. The program is written in FORTRAN IV language for a digital com-
puter and contains 27 subroutines of general use. A description of the program input and
output, a complete FORTRAN listing of the program, and samples of the input and output
are included.

INTRODUCTION

The computer program VAMOOS (Venus and Mars Orbital Occultation Simulator)
originated for the purpose of studying orbital missions to Mars and Venus. Two impor-
tant considerations to mission analysis are the occultations of celestial bodies and the
available imagery. The length of time that the satellite spends in the shadows of the Sun,
Earth, and Canopus is significant. When the satellite passes into the shadow of the Sun,
the use of solar cells is prohibited. Many times this condition is undesirable or must be
limited to short periods of darkness. Passage into the shadow of the Earth will result in
the loss of communication between the satellite and Earth. Since the attitude reference
system of the satellite is frequently alined with the Sun and Canopus, the occultation of
either is of great interest. In addition to the importance of the length of time, the posi-
tions in the orbit at which the satellite enters into and exits from the shadows are signifi-
cant since they influence the operational sequence of events. The positions in the orbit
of the satellite that correspond to desirable lighting conditions on the surface of the planet
for vertical photography are also of interest. These positions, along with the orbital



elements, lead to the definition of the surface which can be photographed. In addition, the
resulting resolution is defined. If the mission objectives require that specific sections of
the planet's surface be photographed, the orientation of the orbital plane of the satellite
can be adjusted to satisfy the objectives. For these reasons VAMOOS was developed to
supply the data necessary to define the occultations and the conditions at specific lighting

angles.

The program is based on the assumption that the hyperbolic arrival conditions at
the planet are known. The hyperbolic excess velocity and the arrival asymptote for a
given arrival Julian date are generally available (refs. 1 and 2) or can be generated with
Lambert's theorem and the appropriate ephemerides. To establish an elliptical orbit
about the planet, a deboost from a hyperbolic periapsis to an elliptical periapsis was
assumed, and this assumption should not be restrictive for preliminary mission design.
Occultation and imagery parameters within the orbit are then generated. The calculations
have been greatly simplified by fixing the celestial bodies during one spacecraft revolu-
tion. This simplification is valid since the angular displacement of the planet in its orbit
about the Sun is small for a period of a few hours. A program option allows the investi-
gator to examine future conditions by stepping the planet in time within its orbit about the
Sun. The second zonal harmonic Jg9g can be incorporated in these calculations to per-
turb the argument of periapsis and the longitude of the ascending node of the satellite orbit
by the appropriate input.

In an attempt to make the program a useful analytical tool, emphasis has been
placed on the speed and simplicity of the calculations. Keplerian mechanics and analytic
solutions were used entirely throughout the program to make the calculations as rapid as
possible. The mean heliocentric positions of Venus, Earth, and Mars are generated with
mean orbital elements. The calculation sequence has been divided into a number of sepa-
rate calculations which form the subroutines of the program. This modular form should
facilitate the understanding of the many calculations performed.

The necessary information pertaining to the implementation of the program is con-
tained in the appendixes of this paper. The function of the main program is outlined with
a flow diagram and the purpose of each subroutine is set forth (appendix A). A complete
FORTRAN listing is included (appendix B) in addition to a sample input and output case
(appendix C).

SYMBOLS
a semimajor axis, kilometers
A B angles defined by figure 5, degrees



AU astronomical unit, kilometers

Cp,C1,C2,C3,Cq coefficients of a polynomial

d vector defined by figure 7

d magnitude of d

D Julian days since 1900

b- 10%00

e eccentricity

E unit vector from planet toward a celestial body

F,G,H,I angles defined in figure 2, degrees

f true anomaly, degrees

hy apoapsis altitude, kilometers

hp periapsis altitude, kilometers

i inclination, degrees

_i.,_",l_{ unit coordinate vectors

JD Julian date, days

Jog second zonal harmonic of planet

l semilatus rectum, kilometers

M mean anomaly, degrees

n mean angular rate, radians/second

P,Q,R points in spherical triangle (see fig. 2)



RPQW

=y

Tg

2t

—

unit coordinate vectors in PQW coordinate system; P points toward peri-

apsis, 6 is in orbital plane advanced to P by a right angle in direction
of increasing true anomaly, and W completes right-handed system

rotational matrix from mean Earth equinox and equator of date coordinate
system to mean planet equinox and equator of date coordinate system

rotational matrix from XYZ TO PQW coordinate system
radius vector

magnitude of T

surface radius of planet, kilometers

unit vector from center of planet parallel to arrival asymptote of incoming

hyperbola
magnitude of §
whole number of Julian years since 1950
time past deboost, seconds
Julian centuries since 1900
velocity, kilometers/second
rectangular Cartesian coordinates

right ascension of axis of rotation of planet referenced to mean Earth equinox
and equator of date coordinate system, degrees

orbital plane orientation angle, degrees (see fig. 1)

declination of axis of rotation of planet referenced to mean Earth equinox and
equator of data coordinate system, degrees

declination, degrees

angle defined by figure 2, degrees



€ mean obliquity of ecliptic, degrees

A right ascension, degrees

U gravitational constant, kilometers3/second?2

T [lOOT'e], where [XJ is fractional part of X, years

T firs-;t point of Aries

¢ angle between § and B, degrees

1/ angle between planet-Sun vector and planet-satellite radius vector, degrees
Q longitude of ascending node, degrees

w argument of periapsis, degrees

Subscripts:

C denotes star Canopus

EC measured in mean Earth equinox and ecliptic of date coordinate system
EE measured in mean Earth equinox and equator of date coordinate system
f first value

h denotes hyperbolic orbit

l last value

P denotes planet Venus or Mars

PE measured in mean planet equinox and equator of date coordinate system
P,q,w rectangular Cartesian components in PQW coordinate system

PX,py,pz rectangular Cartesian components in mean planet equinox and equator of date
coordinate system



S denotes S

1,2 first and second root of an equation
o0 infinity

0] denotes Sun

Q denotes Venus

] denoctes Earth

o denotes Mars

0 initial conditions

Dot over symbol denotes derivative with respect to time.
METHOD OF CALCULATION

The hyperbolic arrival conditions at the planet are inputs to the program. These
inputs include such quantities as the arrival Julian date, the right ascension and declina-
tion of the S-vector expressed in the Earth equatorial coordinate system and the hyper-
bolic excess velocity. The S-vector is identical to the unit vector from the center of the
planet parallel to the arrival asymptote of the incoming hyperbola. The size of the planet-
ocentric ellipse must also be included in the form of the apoapsis and the periapsis alti-
tudes. Since the orbital plane can be rotated about the S-vector with only small expendi-
tures of fuel, the orientation of the orbital plane is considered to be an independent varia-
ble and is at the discretion of the investigator. The plane is restricted, however, to con-
tain the S-vector, but can assume any inclination that fulfills this requirement. The angle
B (fig. 1) has been taken as a measure of the orientation. The program allows for this
angle to be incremented through any range of interest from 0° to 360°. For a given g
the computation of Keplerian orbital elements is based on a deboost from a hyperbolic
periapsis to an elliptical periapsis. Imagery data and occultation data based on the posi-
tions of the celestial bodies at the time of periapsis passage are then generated.

Hyperbolic Arrival Conditions

The hyperbolic arrival conditions at the planet for a given Julian date as obtained
from references 1 and 2 are expressed in a coordinate system oriented to the mean Earth
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Axis of rotation

S (unit vector

from center of
planet parallel

to approach
asymptote of
incoming hyperbola)

Vector perpendicular to line
. of nodes directed easterly in
Line of nodes  equatorial plane

perpendicular to IeS
closestto S

line of nodes in
orbital plane and
in direction of
spacecraft motion

Figure 1.- Orbital plane geometry. (B is measured counterclockwise in
plane perpendicular to line of nodes.)

equinox and equator. Since it is desirable to perform all the orbital calculations in a
coordinate system oriented to the mean planet equinox and equator, the transformation
between the two systems is necessary.

Consider figure 2 where «o and y are the right ascension and declination of the
planet's axis of rotation, respectively, expressed in the Earth coordinate system. For
Venus (ref. 3, p. 20),

a, = 272075
?

y.. = 719.50
?

and for Mars (ref. 4, p. 334),

0y = 3179.793416667 + 00.006520833t - 0°.0010137

7o = 54°.6575000 + 0°.0035t - 0°.0006317
where

_ JD - 2 415 020

T
€ 36 525

7 = [100Tg] where [X] is the fractional part of X

t = 100Tg - 7 - 50



North pole
of Earth

North pole
of planet

Figure 2.- Geometry of transformation from the Earth
equator to the planet equator system.

and JD is the Julian date at the time of inter-
est. The longitude of the ascending node of

the Venus orbital plane on the ecliptic and the
inclination of the Venus orbital plane to the
ecliptic is (ref. 4, p. 113)

Q. = 75046'46".73 + 3239".46Te + 1".476T¢2

?
ig = 3923'37".07 + 3".621T¢ - 0".0035T 2

For Mars (ref. 4, p. 335)

Qo = 48947'11".19 + 2775 .57T¢ - 0"'.005T¢2
iy = 1051'01"".20 - 2".430T¢ + 0"'.0454T o2

The mean obliquity of the ecliptic ¢ is given
by (ref. 4, p. 98)

e = 23027'8".26 - 46"".845T - 0".0059T2 + 0".00181T¢3

The rotation from the Earth equatorial system to the planet equatorial coordinate
system is given in reference 4 (p. 330). It can be seen that this rotation is essentially
an Euler rotation where the X-axis is rotated from T

T Q i to @ along the Earth equatorial plane and followed by
wo a rotation about Q through the angle 90° - y, and
finally the X-axis is rotated along the planet's equato-

90° + o
, rial plane to the ascending node of the orbital plane on
Figure 3.- Sipn“?iréﬁar;tgang'e defined its equatorial plane. The angle TQ is immediately

seen to be «+ 900, and the rotation about Q is

900 - 4. The only angle remaining to be calculated is A which necessitates the solu-
tion of two spherical triangles. Consider the triangle TQP as shown in figure 3. The

angles F, G, and H are computed by

cos H = cos § cos(90° + @) + sin © sin(90° + a)cos €

sin H = \1 - cos2H

cos F =

cos (90° + o)sin Q - sin(90° + a)cos Q cos €

sin F =

sin H

sin e sin(90 + )

sin H



cos  sin(90° + o) - sin © cos(90° + a)cos ¢
cos G =

sin H

sin Q sin €

sin G = -
sin H

Now, consider the triangle PQR (fig. 4): The angle I is
given by

cos I = -cos(180° - F + i)cos(90° - G + y)

+ 8in(180° - F +1i)sin(90° - G + y)cos H

sinI = /1 - cos2I

Figure 4.- Angle relationships
of spherical triangle defined

and the angle A by in figure 2.

A sin(180° -~ F + i)sin H

sin I

sin

cos(180° - F + i)sin(90° - G + 9) + sin(180° - F + i)cos(90° - G + y)cos H
sinl

cos A =

A = tan"l .Sln_A_
cos A

Therefore, the three Euler angles (90° + @, 900 - 3, A + 180°) constitute the Euler rota-
tion R which transforms the S from the Earth equatorial to the planet equatorial sys-
tem, that is

Spg = RSEE

where

[cos(A + 180°)cos(90° + o) cos(A + 1800)sin(90° + ) sin(A + 180°)sin(90° - y)—

-c0s(90° - 1)sin(90° + a)sin(A + 180°) +c08(90° - )cos(90° + a)sin(A + 180°)

-sin(A + 180°)cos(90° + ) -sin{A + 180%)sin(90° + @) cos(A + 180°)sin{90° - )
R =

-co0s(90° - y)sin(90° + a)cos(A + 180°) +¢05(90° - )cos(90° + a)cos(A + 1800)

Ein(90° - )sin(90° + @) -sin(90° - 9)cos(90° + ) cos(90° - )
and

SEE = (cos GS,EE cos AS,EE’ cos GS,EE sin AS,EE’ sin GS,EE)



Orbital Transfer to Planetocentric Ellipse and
Orbital Perturbations With Time

If the characteristics of the incoming hyperbolic orbit in the planet equatorial sys-
tem (§PE,V00): the shape of the desired elliptical orbit about the planet (hp,ha), and the
orientation angle B are known, the Keplerian orbital elements can be determined for a
transfer from a hyperbolic periapsis to an elliptical periapsis. If

—

Spg = (pr’spy’spz)

then the right ascension and declination of the §PE are, respectively.

S
. _ Py
sin AS,PE = > 5
pr +Spy
pr
COS >\S PE =
’ 2 2
pr + Spy
sin )
S,PE
AS,PE = tan‘l _r
coS )\S,PE
and
— Qin- o}
65, pE = sin"1(Spy) (-900 = g pg 5 90 )

The semimajor axis and the eccentricity of the elliptical orbit are given by

2rs+ha+hp
A== =
2
r h
e:ﬁ_l
a

where rg is the surface radius of the planet.

Consider figure 5. From figure 5 it can be seen that

tan &
A = sin-1 ___S5PE (-900 SASs 900)
[tan g|
sin GS PE
B = sin-1 —I——’l— (-90° =B = 900)
sin B
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The angle ¢ between the vector S and the vec- 7
tor to the periapsis P can be found by considering
the geometry of the incoming hyperbola where the
orbit is defined by

B ah(l - eh2)

oA WL 0; >1
d 1+ e, cosf (ah< i ©h ) (1)

Direction
of
motion

As the radius r approaches infinity, the denomina-
tor must approach zero, or

l+e,cosf, =0 X

Figure 5.- Orbital transfer geometry.

which can be solved for the cosine of the true anom-

aly,

1
cosfoo=—%

From figure 6 it can be seen that
f, =1800 - ¢
so that

cos f, = -cos ¢
The two expressions for the cos f,, can be used to obtain

cos ¢ = e—lh (2)

Evaluating equation (1) at a true anomaly of zero gives
rg + hp = ah(l - eh)
or

s
ah

r +hp

ep=1- (3)

The semimajor axis of the hyperbola can be expressed in terms
of known parameters by evaluating the relation

V2 =l .2_ - 1
r o ay Figure 6.- Geometry of
hyperbolic orbit.

as r approaches infinity; that is,

ol ]

a, = (4)
h Vo2

11



Equation (2) can now be expressed in terms of known parameters by equations (3) and (4)

as

cos ¢ = K (0° = ¢ = 180°)
b+ (rs + hp)Voo2

The inclination defined between 0° and 180° at the ascending node is given by
i=g (003331800)
i=3600- g (180° < g < 3609)

The argument of periapsis and the longitude of the ascending node can be determined by

considering the geometry; that is,

w=B-¢
<0° <p< 900)
Q=rgpg -4
or
w=B-¢
(90° < g < 1800)
Q= AS,PE + A
and
w=1800 - B - ¢
(180° < p < 2709)
Q= 1800 + AS,PE - A
or

w=180° - B - ¢
(270° < g < 360°)
Q = 180° + AS,PE + A

Therefore, the planetocentric ellipse is defined by the Keplerian orbital elements a, e,
i, w,and & for a transfer from one periapsis to the other.

As the planet proceeds in its orbit about the Sun, the longitude of the ascending node
and the argument of periapsis are perturbed by the second zonal harmonic J 90- These
two orbital elements are expressed as functions of time as (ref. 5)

Q:Qo+9t

AR
w—wo+wt

12



where

and
1/2

N
n=|{—
(=)
The elements Q, and wo are the orbital elements at the time of deboost into the
planetocentric ellipse and t' is the time past deboost in seconds.

The gravitational constant and the radius of the planet are necessary in calculations
involving the orbital elements and their perturbations with time. The gravitational con-
stants for Venus and Mars are given by (ref. 6, p. 8)

by = 3.2485340 X 105 km3/sec2

o = 4.297780 X 104 km3/sec2
and the surface radius of Venus is (ref. 3, p. 18)

rSQ = 6085 km

and the surface radius of Mars is (ref. 7, p. 24)

I'so/ = 3395 km

Satellite Occultation of Celestial Bodies

Before the positions in the orbit at which the satellite enters and exits the shadows
of the celestial bodies can be computed, the unit vectors from the planet toward the celes-
tial bodies must be found. These vectors are found by considering the mean orbital ele-
ments of the planets about the Sun which lead to the heliocentric position vectors of the
planets. The proper addition of these vectors will yield the desired vectors. Let

D =JD - 2 415 020

D

D =10 000

13



since the mean orbital elements are referenced to the mean equinox and ecliptic of 1900.
The value of the astronomical unit in units of kilometers is given by (ref. 8, p. 6)

AU = 149 598 845 km

and the gravitational constant of the Sun is (ref. 6, p. 8)

pg = 1.32715445 X 1011 gkm3/sec?
Since the mean orbital elements of the Sun about the Earth (ref. 4, p. 98) are similar to
the orbital elements of the Earth about the Sun, the semimajor axis is

ag = 1.00000023AU

The eccentricity is

€g = 0.01675104 - 0.00004180T,, - O.OOOOOOIZGTe2

The longitude of periapsis is

wg = 1010.220833 + 0°.000047068D + 0°.0000339D?

and the mean anomaly is

Mg = 358°.475845 + 0°.9856002670D - 09.0000112D2 - 0°.00000007D3
The inclination of the Earth's orbit is zero by definition, and the argument of the ascending
node is taken as zero. The mean heliocentric position and velocity of the Earth are
obtained by converting the orbital elements to Cartesian coordinates. The mean orbital
elements for Venus are (ref. 4, p. 113)

ag = 0.7233316AU
eg =
99 = 75946'46'"'.73 + 3239"".46T¢ + 1".476Te2

0.00682069 - 0.00004774T ¢ + 0-000000091Te2

wg = 13009'49'.8 + 5068''.93T¢ - 3".515T 2 - 2

ig = 3023'37".07 + 3''.621T - 0".0035T¢2

M, = 2120.603219 + 1°.6021301540D + 0°.000096400D2
?

and for Mars (ref. 4, p. 113)
ay = 1.5236915AU

ey =0.09331290 + 0.000092064T¢ - 0.000000077T o2
Qg = 48047'11".19 + 2775".5TT¢ - 0".005T¢2 - 0.0192T¢3

wor = 334013'05".53 + 6626".73T¢ + 0".4675T¢2 - 0".0043T¢3 - Q

14



iy = 1951'1".20 - 2".430T¢ + 0"'.0454T2
My~ = 319°.529425 + 0°.5240207666D + 0°,000013553D2 + 0°.000000025D3

Therefore, the mean heliocentric, ecliptic positions of the Earth and the planet (that is,
Tye 2and F@P) can be obtained.

The vector from the planet to the Earth is

'pe = Toeo ~ ToP
and the vector from the planet to the Sun is

—

'po = “TopP
These vectors are rotated from the ecliptic to the Earth equatorial system by

Xee| [1 0 0 |[Xgc
YEE =10 COS ¢ -sin € YEC
ZpE 0 sin e cos € ||Zgc

and to the planet equatorial system by the Euler rotation previously defined; that is,

XpE XEE
Ypg|=| R ||YEE
ZpE ZEE

The unit vectors to the celestial bodies are therefore

= <XPE Ypg ZPE>

E = (Bpx,Epy-Fpz) = TPE’TPE TPE

where

2 2)1/2

I'pE = (XPE2 + Ypg® + Zpg

The unit vector to the star Canopus in the planet equatorial system is found by first
rotating the vector from the mean Earth equinox and equator of 1950 coordinate system

X = -0.060340592
YC = 0.60342839

Z = -0.79513092

15



to the mean Earth equinox and equator of date. This rotation is described in reference 4
(pp. 28 to 39). The updated position vector is then rotated to the planet equatorial system
by

Xc,PE = RXc gE

The solution to the occultation problem is from reference 8 (p. 155) and the sim-
plified geometry is shown in figure 7. The unit vector toward the body being occulted is

defined by
E= pri + Epyl + Epzk

which can be rotated to the PQW coordinate system; that is,

E = EpP + EQ + E,W (5)
The radius vector to the spacecraft ¥ can be expressed inthe PQW system by
T=r cos fP + r sin fQ + OW (6)
where
a(l - e2) l

(7

=1+ecosf=1+ecosf

The geometric constraint can be obtained from the condition that upon entrance to or exit
from the shadow, d is parallel to E; therefore,

E.d=-d

where
d=r - rg

and

d=\r2 - rg2

Therefore,

E- (f" - FS) = -\r2 - rg2

and since E is perpendicular to Ig,

E.T= —‘/rz - rS2 (8)

Expanding the dot product with equations (5)
and (6) and eliminating r with equation (7)
allows equation (8) to be expressed in terms
of only the true anomaly; that is,

E

Planet

Spacecraft orbit

a1

Cylindrical shadow

Figure 7.- Geometry of occultation.
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1/2
Epl cos Eql sinf 72 2 /
-r

1+ecoﬂ+1+ecosf=-(

1+ e cos f)2

which can be reduced to standard form as
Cg cos?f + Cq cos3f + Cg cos2f + Cg cos £ + C4 =0 (9)

where

4 2
_[¥s s 2) 2
Cy "(T) - 2(7) (1 - Eg?) + (1 . EqZ)
All the real roots of equation (9) are extracted by Descartes technique (ref. 8, p. 430).
The spurious roots are then rejected by

It can be shown that the spacecraft enters the shadow at f; provided that
2 : 2 : _ X
2rg(1 + e cos fy)(-e sin f1) + 203(Ey, cos £y + E sin f1)(-Ep sin ] + Eq cos f1)> 0

where f; is a solution of equation (9). The exit from the shadow is at f9. Once f;
and f9 have been determined, pertinent parameters such as the length of time in the
shadow can be computed.

Vertical Photography at a Specific Lighting Angle

The positions in the orbit of the satellite about the planet that correspond to desira-
ble lighting conditions on the surface for vertical photography are of interest in mission

17



analysis. These positions along with the orbital elements lead to the definition of the sur-
face which can be photographed.
The lighting angle i is the angle between'the planet-Sun vector and the planet-

satellite radius vector. When the lighting angle is 900, the satellite is directly over the
terminator. The unit vector from the planet toward the Sun is rotated to the PQW coor-

dinate system by

px
Eq = I RPQW Epy
Ey Epz

where RPQW is the rotation matrix from the planet equatorial to the PQW system and
is defined by

_ch w cos cos w sin Q sin w sini|
-sin w cos i sin Q +sin w cos i cos

RPQW = |-sin w cos -sin w sin cos w sin i
-coS w cos isin Q +COS 2 cos w cos i
|sin Q sin i -sin i cos Q cos i ]

The unit vector from the planet toward the spacecraft in the PQW coordinate system is
given by

¥ = cos fP + sin fQ + OW

Since 1y is the angle between the Sun vector and the radius vector

[

E.T =cos ¢
|£ x| = sin v

From the dot product
Ep cos f + Eq sinf = cos Y

or
cos ¢ - E4 sin f
cos f = V- Eq (10)
Ep
From the cross product
Ey, 2sinf + Ey2cos2f + (Eq cos f - Ep sin f)z = sin2y (11)

18



Using equation (10) to eliminate the cos f in equation (11) and putting in standard form
gives
Copsinf+Cysinf+Cg=0 (12)

where
Eq* 9
Co s 2Eq2 + Ey
p

) -2Eq3

2
Ep

C1

cos Y - 2Eq cos ¢

En2
Co = Ey2 + iz cos2y - sin2y
Ep
The quadratic formula is used to obtain the sines of f{ and fg, and equation (10) is used
to obtain the corresponding cosines. Therefore,
sin f1 9
f1,2= tan'1<——f1’ >
cos f1 9
There are two true anomalies that correspond to a given lighting condition. It is very
important to determine whether the satellite is entering the desirable lighting conditions
or leaving these conditions. Differentiating equation (10) with respect to time yields

0 f.<Eq cos f - Ep sin f)
-sin ¥

and since f >0,

. Eq cos f - E sin £
sign ({) = sign<~-q P )

-sin ¥

¥ sign(y) is positive, the lighting angle is increasing; if sign(y) is negative, the
lighting angle is decreasing. Distinction between ascending and descending motion at the
true anomalies in question is made by the following:

Ascending motion:

-90° < w + f < 90°

Descending motion:

900 < w + f < 270°

19



RESULTS AND DISCUSSION

The computer program has three distinct advantages. The use of Keplerian mechan-
ies and analytic solutions to the occultation and imagery problems has resulted in an
extremely fast program. The use of mean orbital elements to generate the ephemerides
of the planets is considered to be an advantage in that the program is self-contained and
does not require the use of ephemeris tapes. Possibly, the major advantage of the pro-
gram is the modular form in which it is written. This form allows the user to insert
additional calculations into the program with a minimum of effort. The subroutines
(appendix B) have been written in as general a form as possible and can be easily adapted
to various orbital-mechanics problems. The modular form in which VAMOOS was
written resulted in a field length (storage requirement) of 40 000g.

Sample plots which have been found useful in design studies for a Mars mission are
presented in figures 8, 9, and 10. The orbital inclinations which result in Sun, Earth, or
Canopus occultations during the first revolution of the satellite about the planet can be
seen in figure 8. In addition, the duration of the occultation period is given. This type
of plot has been found useful in selecting an orbital inclination that insures visibility of
the satellite from Earth and provides adequate sunlight for the satellite. The computing
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S Sun
100 - - T - {1
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C e
g 80 — e T & -
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Figure 8.- Sun, Earth, and Canopus occultation durations during first satellite revolution
about Mars,
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time on the digital computer for the data presented in figure 8 was 0.16 second. Ground-
track and lighting-angle plots (fig. 9) have been found useful in examining the imagery
requirements for an orbital planetary mission. For a given orbital inclination the
sequence of events during many satellite revolutions can be generated with the program.

(See tig. 10.)
CONCLUDING REMARKS

A program for the calculation of mission design data for either Mars or Venus has
been developed. The planetocentric elliptical orbit about the planet is examined to deter-
mine the times at which the satellite enters and exits the shadows of the Sun, Earth, and
Canopus. The photographic coverage of the surface of the planet is also determined.
Because of the speed and simplicity of the calculations, VAMOOS has proved to be a use-
ful and flexible tool for mission design.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., December 13, 1968,
194-82-01-05-23.
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APPENDIX A
PROGRAM DESCRIPTION

The VAMOOS program has been written entirely in FORTRAN IV computer language
for the Control Data 6600 digital computer and contains a main program and 27 subrou-
tines. The modular form in which the program was written resulted in a field length
(storage requirement) of 40 000g. Very few calculations are performed in the main pro-
gram since its primary purpose is one of administration. The input data are read into
the main program and the appropriate subroutines are used to perform the desired com-
putations. The angle B (fig. 1) can be incremented from 0° to 3600 in whole degrees at
the discretion of the user. An additional program option allows for the range of g to be
investigated at a future date by stepping the planet in time within its orbit about the Sun.
This option permits the time after arrival to be incremented over any time period with
printout as frequently as desired. The second zonal harmonic Jgg can be incorporated
in these calculations to perturb w and £ of the satellite orbit by the appropriate input
if such is desired. All these options are controlled by the main program which is out-
lined in the flow diagram. The letters in parentheses correspond to the subroutine that
performs the stated calculation. A brief statement of the purpose of each subroutine con-
tained in the program follows:

JULCAL Converts Julian data to calendar data

REQVEQ Rotates a vector from the mean Earth equinox and equator of date
coordinate system to the mean Venus equinox and equator of date
coordinate system

REQMEQ Rotates a vector from the mean Earth equinox and equator of date
coordinate system to the mean Mars equinox and equator of date
coordinate system

REQPEQ Rotates a vector from the mean Earth equinox and equator of date
coordinate system to the mean planet equinox and equator of date
coordinate system

RECEQ Rotates a vector from the mean equinox and ecliptic of date coordi-
nate system to the mean Earth equinox and equator of date coordi-
nate system

RXYZPQW Rotates a vector from the XYZ tothe PQW coordinate system
RPQWXYZ Rotates a vector from the PQW tothe XYZ coordinate system

23



EEARTH

EVENUS

EMARS

SUN

SUNBAND

OCCULT

CONCAR

CARSPH

TCONIC

TINVS

QADRAT

CUBIC

QARTIC

CROSS

DOT

ORBIT

PRECES

LATLNG

24
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Calculates the mean heliocentric position and velocity of Earth
Calculates the mean heliocentric position and velocity of Venus
Calculates the mean heliocentric position and velocity of Mars

Calculates the positions in orbit which correspond to various lighting
angles and writes output data

Calculates the two positions in orbit which correspond to a given
lighting angle

Calculates the entrance and exit true anomalies of occultation
Converts conic elements to Cartesian coordinates

Converts Cartesian to spherical coordinates

Calculates the time from periapsis passage for a given true anomaly
Converts mean anomaly to eccentric and true anomaly

Solves the equation AX2 + BX + C =0 for the real roots

Solves the equation AX3 + BX2 + CX + D =0 for the real roots
Solves the equation AX% + BX3 + CX2 + DX + E =0 for the real roots
Calculates the vector cross product

Calculates the angle between two vectors

Calculates Keplerian orbital elements for a periapsis to periapsis
deboost

Transforms mean Earth equinox and equator coordinates from one
epoch to another epoch

Converts a Cartesian position to latitude and longitude



EULER

VECTOR

APPENDIX A

Performs an Euler rotation

Calculates the position of the Sun, Earth, and Canopus in the planeto-
- centric, planet equator, coordinate system and writes output data

25
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FLOW DIAGRAM FOR MAIN PROGRAM

Initiate control parameters
TIME =0 Br=0
At =0, J909 =0, By =0

Read input data

Is
there input data
to be considered?

NO

STOP

Write input data

Calculate calendar date at
planet arrival (JULCAL)

Calculate calendar date at‘ e
present time (JULCAL)

Calculate unit vectors from the
planet to the Earth, Sun, and
Canopus (VECTOR)

l
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YES
TIME > 0

NO

Convert S from Earth equator to
planet equator (REQVEQ or REQMEQ)

/
Set control parameters

B = Bt
. ']

(B=8+Ap

|sin g] <
absolute value sine of the declination
of the § in planet

equator

| Calculate orbital elements (ORBIT) I

y
Perturb orbital elements w and

Q by Jyg if TIME >0

l
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\

Calculate and write outpuz
parameters

i

Calculate and write imagery
data (SUN)

Calculate and write occultation
data (OCCULT)

YES

YES

TIME = tZ

TIME = TIME + At
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PROGRAM LISTING

A complete FORTRAN IV listing of the program VAMOOS is contained herein. The
purpose of each subroutine is stated in the listing along with a brief definition of the input
and output parameters. If additional subroutines are required for the computations con-

tained in a specific subroutine, this fact is also designated.

60C

VANCCS FROGRAM - VEANUS AND MARS ORBITAL OCCLLTATION SIMULATCR
PROCGRAMMED FOR THE CDC 6600

THIS PROGRAM CALLS SUBRCUTINES JULCALs REQVEJy REQMEQ, REQPEQ. RECEQ,
RXYZFCWs» RPCWXYZ, EEARTF, EVENUS, ENMARS, SUN, SUNBAND, OCCULT, CONCAR,
CARSPt, TCCNIC, TINVS, CQACRAT, CUBIC, GARTIC, CROSS, DOT, ORBIT,
PRECESy LATULNG, EULER, VECTOR

CIFENSICN G(6)+E(6) yRPQWI{2,43),SUNB(E)

REAL JO
NAMELIST/CASE/JLSVLCECE»SVRAE, VINF yHA HP »BFEST,BLASTBSTEP 4 TLAST, T
1STEPs XJ2C +TEBOLCY +SULN1sSUN2»SUN3 4y SUN4y SUNS» SUNG

ANGLE(X )=ANMCD(X+3604)+180.=SIGN(1804,X)

RD=57.26577<£12C€23
DR=C .C174532¢251694
PI=2.141592£5358679
UVERNUS=324653.4
RVEANLS=6C85 .,
UMARS=42977,.8
RMARS=2395,

TLAST=C.
TSTEP=C.
BFRST=C.
BSIEP=C.,
BLAST=C,
TIME=C.
XJ2G=C.
SVDECE=0.
SVRAE=0,
SUN1=D.
SUN2=C.
SUN2=C,
SUN4=C.
SUNS5=0.
SUNE=D o

REAC{5,CASE)

WRITE(6,CASE)
IFCECF,5) 8(CO0,1

29
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1 CCNTINUE
SUNB( 1)=SUN1
SLNB(2)=5UN2Z
SUNB(3)=S5UN3
SUNB( 4 )=SUN4
SUNE{£) =SUNE
SUNB{ 6)=SULN6

IF{IBCDY.EQ.2) GO TO 2¢C
IFUIBCDY..EQ.4) GO TC 21

20 U=LVENLS
RS=RVENLS
GO 10 22

21 U=LVARS
RS=RMARS

22 CONTINUE
WIL=FLOAT{IFIX(JD)}
FJD=J0=-wJdD
CALL JULCAL(G W JID,FJD, C)
IYA=IFIX(G(1}}
IMA=]FIX{G(2))}
ILA=1FIX(G(3))

2 CALL JLLCALIB«WJDFJD,0O)
I¥yB=IFIX(8{(1)}
IVMB=IFIX(B(2))
ICB=1FIX{B(3))

WRITE(6,101) JD,IYELIME,ILB,IYA, IMA,IDA

CALL VECTCOR{JCCECS +RAS yDECE RAE,DECCoRAC, S}y SYySZyEXsEY4EZ yCXyCYy
1CZ,18IDY)

IF(TIME.GT..01) GO TO 7
IF(IBJIDY.EQ.2) GC TO 3
I+t{IBCLY.EG.4) GC TC 4

3 CALL REQVEGUJC»COS(SVDOECE*CR)*COS({SVRAE*DR) +COS (SVDECE*DR) *SIN(SVR
1AEXLR) s SIN{SVDECE*DR), XSVP,YSVP,Z5VP,SVDECF ySVRAP}
GO 10 £

4 CALL RECMEG(JD COS(SVDECE®LCR)I*COS(SVRAE*DR) yCOS{SVDECE*DR) *SIN(SVR
1AE*CR ) » SINIUSVUECE*D R)  XSVP ,YSVP ,ZSVP,SVDECP,SVRAP)

5 IFIBSTEPLLT..001) GC TC ¢
IB1=IFIX{BFRST)
I1B2=IFIX{BLAST)
IB3=IFIX{BSTEP)

Go 10 7

6 181=1200
182=1CCO
182=1CCC

7 DC 11 I=1B1,0B2,1E3
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BETA=+LOAT(I)
IF{I.EC.1C0C) BETA=BFRST
IF(ABS(SIN(BETA*DR) ) .LT.ABS(SIN(SVDECP*DR))) GO TC 11

CALL CRBIT(SVLCECPySVRAP ¢VINF HA,HPBETAsAyE+XI»WeOsPDEC,PRA,U,RS)
IF(TIME.LT..0) GC TC 8
XN=SCRT(U/A%*%x3)
ODCOT==3 ¢/2  #XJ20%XNA(RS/A)*%Z/ (1., —E*E )*%2*CCS{XI*DR}
WDOT=3e %X J2CRXNR(RS/A) %2 /{1 o~EXE}X%2%(1 e=5 o/4 «*¥SIN(XI*DR) *%2}
W=+ LWCOTHTIME*24.,%326CC e )*RE
U=C+(GDCT*TIME®24,%3600.)*RC
PDEC=ASIN(SINIW*DR)*SIN{XI*DR) )} *RD
SSDEL=TAN(FLCEC*CR)/TAN(XI*CR)
CSDEL =SSDEL/TAN{W*DR) /COS(XI*DR)
SDEL=ATAN2(SSDEL,CSODEL ) *RD
PRA=ANGLE (O+SDEL)

8 CONTINUE

IFUIBCDY.EQ.2) WRITE(6,102) BETA,TIME
IF(IBOLY.EQ.4) WRITE(6,1C3) BETA,TINME

CALL RXYZPCWI{O0.+Cov0arXIohsDsRPOU,VPyVQ,yVHW)

CALL COT{(+RPQW{2+1)s4RPLWI2+2)+RPQW(2+43)4SXySY,SZ,THRUST)

CALL DLT(COS(SVDECP*LCR )*CCS{SVRAP*DR) » COS({SVDECP*DR)%SIN(SVRAP*UR)
1 4SIN{SVDECP*DR) +SX ySY+SZ,24P)

SVP=ACOS(U/(U4IRS++P)*VINF%%2) )} %RD

VPE=SQRTIU*{RS+FA)/A/{RS+HP))
VPH=SQRTA(VINF%%24+2 .%U/ (RS+HP))
DELV=VPH~-VPE
VAE=VPE*( (1 .~E)/(1.+E))
PERIUD=2.%PI*SQRT(A%*%3/U)/36C0.

WRITE(E+104) SVDECE +SVR2E¢VINF ySVDECPySVRAP yHAyHP,JD,PDEC,PRA, ((RP
lQh(J!K) 0K=113,,leoa)'THRLST'ApE'XI 1NyOQDECSQRAS,DECE 'RAE,SX 'SY'SZ
2rEX EYVEZ+PERICOWCX LY 4CZ,ZAPSVP,VPE,VAE,VFH,DELV,XJ20

IF(SUN1.LT..O1) GO TO 12
CALL SUNCSEXySYySZeSUNB oAy EsXTsWsT4RPAWIUIRS 1)

12 CALL CCOCCULTU(AVE +XI ywyO9sL+RSySX,SY,SZ,TOCC,T1,ALT1,F1,DECL,RAY1,T2,4A
1LT2,F2,DEC2 yRA2 yKK)
WRITE(E,1C5) TCCCoT1,F1,ALT1,DECL,RAY,T2,F2,ALT2,DEC2,RA2
CALL OCCULT (A Eo XTI ¢WsOyUsRSYyEXHWEYIEZ,TUCCH4T1,ALT1,4,F1,DEC1,RAY1,T2,4A
1LT2,F2,DEC2yRA2,KK)
WRITE(6,1C6) TUCC T1,F1,ALTY,DEC1,RAL,T2,F2,ALT2,DEC2,RA2
CALL OCCULTU(AJEW XTI 4 WyOsUsRS4CXyCYHLCZ,TOCCT1,ALTY,F1,DEC1,RAL1,T2,4A
ILT2,4,£2+DEC2,RA2,KK)
WRITE(€,1C7) TOCC,T11,F1,ALT1,DEC1,RA1,T2,F2,ALT2,CEC2,RA2

11 CONT INUE

IF{TSTEP.LT..0C1) GO TO 6CC
IFUTIME.GE.TLAST) GC TU 60C
TIME=TIME+TSTEP
WIC=WJO+FLOATHIFIX{TSTEP))
FJL=FJD+ANCD(TSTEP 1)
JC=wJC+FJD

GC TC 2
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131 FORMATLLIHL ////717TH JULIAN DATE F2Ca1//722X422HYL AR MC
INTF DAY/ /22H CBLENC2R [CATE 2 1495X%y 13+7X413//22H ARRIVAL
2 CATE 2 [4+5X,13,7X,13)

102 FUGRMAT(*1%////14X % BETA =¥y F9 o4 s4Xy* (VENUS EQUATQOR,
1VENUS EQUINCX)*#/14X 9% TIME PAST ARRIVAL = %,F8.1,% DAYS * )

1C3 FOFRMRT(*1%////14X,% BETA =¥y FTe4y4Xo*(MARS EQUATOR, M
LARS EQUINOXI*/14X+* TIME PAST ARRIVAL = *,Ff,1,% DAYS*)

104 FORMAT(LHC/+9F SVODECE=E16.8,10H SVRAE =E1€é.8,1CH VINF =El6.8
1y 10H SVOECP=E16.8/9H SVRAP =E16.8,19HK kA =E16.8410H HP
2 =El16.8y 1CH Jo =E1€.8/64 PLAT =E16.,8,10H PLONG_=E16.8,10
3H PX =£16.8910H PY =El16.8/6H ¢¢ =E16.8410H X =
4E16484+10H QY =E16.8,10H ez =El6.8/9H WX =£16.8410H
5 WY =El6.8,1CH WZ =E16.8,10H VELSUN=El16.8/9H SMA =E16
6.8+10F ECC =El1€.8,10H INC =E16.8,4,1CF ARGPER=E16.8/9H AR
TGNCD=cl6+8,4 10H DECSUN=E16,8,10H RASUN =El6.8,10H DECETH=E16.
88/9F RAETH =E16.8,1CH XSUN =El6.8, 1CH YSUN =E16.8,1CH Zsu
9N =Elé€.8/G6+ XEARTH=E16.8,10H YEARTH=EL15 .8, 10H ZEARTH=E16.8,1
1CH PERIODU=E16.8/G6F XCANPS=E16.8,10H YCANPS=E16.8,10H ZCANPS
2=E1€.E,1CH Zap =E£l6.8/9H SVP =£16.8410H VPE =E16.8,10H
3 VAE =E16.8+10H VPH =£16.8/9H DELV =E16.8,10H XJ20 =E1
46.8’

1C5 FORMAT(2ZHC SUN GCCLLTATICN TIMELSX,F11.2/23H ENTER SUN OCCULTATI
10Ns14Xs5F1162/220 EXIT SUN OCCULTATION,15X,5F11.2)

166 FORMAT(24HC EARTF OCCULTATICON TIME,13X,F11.2/25H ENTER EARTH OCCU
ILTATION »12X95F11.2/24H EXIT EARTH OCCULTAT ION,13Xy5F1142)

1C7 FORMATI26HC CANOJPUS OCCULTATION TIME.11X,F11.2/27H ENTER C2NOPUS
10CCULTATION 410X 45F11.2/26H EXIT CANOPUS GCCCULTATION,11X,5F11.2)

800 STOP

END

SLBRGLTINE JULCALUX WOI,FDI, IND}

THIS SUBROULTINE CCNVERTS A GIVEN JULIAN DATE OR THE NUMBER OF

WHOLE AND FRACTICNAL DAYS SINCE JANUARY 1, 1950, 0 HRS., TC THE

CORRESFUNCING CAM ENLAR DATE.

w0l - INTEGRAL PARY UF JULIAN DATE CR WHOLE NUMBER OF DAYS SINCE
JANUARY 1, 165G, C FRS.

FCI - FRACTICNAL PARY OF JULLIAN DATE OR FRACTIONAL NUMBER OF DAYS
SINCE JANUARY 1, 1980, 3 HRS.

ING - CCNTRCL INTECER. O IMPLIES JULIAN DATE,1 INPLIES DAYS

X(1-6) - CALENLCAR CETE (YEARyMONTH,DAY,HOUR yMINUTE,SECOND )

CINVENSICN X(6)p0(12),Wl12)
WD=wDI
FO=FUI
IFCINDDLL1,5
1 IF{FL-45}2+243
2 FD=FD+.5
WD=Ww0D-1.
GO 10 4
FO=FD-.5
wD=wD-2433282.
WD=vD+1.,
DY=365.
1=2.
N=C
Q=4.
6 WD=WD-0Y

v W
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IF(wL)10,10,7
AN=N+1
1=72+1.
CK=Q-2Z
IFICK)}9,9,8
DY=2¢%.,
FC=28.

GC 'T1C 6
DY=2¢¢€.
G=C+4.
FC=2¢.

GO T0 6
WC=wD+DY

[0 11 I=1,1c¢

Af{l1)=C.

Ci=31.

C2=zC.

DO 13 I=1,12

A(I)=1.

CA=FC*A(2)+C1¥{A( 1) +A(3)+A{S)I+A(TI+A(B) +A(LCI+A(12))+C2%(A(4 )+
Al6)+AL9)+0(11))

WlT)=wD-CA

IF(W(I})L2,12,13

IF(I-1)15415,16

MON=1

GO TO 14

MON=1I -1

WD=w{MCN)

MCN=MON+1

GG 10 14

CONT INUE

N=N+50

X(1)=N

X{2)=NCN

X{Z)=wn0

FH=FC*%*24.

N=FF

X{4)=N

FM=(FH-X{4)) %60,

N=FM

X{5)=N

X(6)={FM-X(ES})) %60,

RETURN

END

SLEROQUT INE REQVEQUJUD.XEC)YEC+ZEQ)XVEQWYVEQ.2VEQ,DECVEQ,RAVEQ)

THIS SUBROUTINE ROTATES A VECTOR FRCM THE MEAN EARTH EQUATCOR-
EQUINCX TGO THE MEAN VENLS EQUATOR-EQUINCX CCORDINATE SYSTEM. THIS
ROLTINE CALLS SUBROUTINES REQPEQ AND LATLNG.

JD = JULIAN DATE AT TIME OF INTEREST.

XECWYEQ,»ZEC — VECTOR IN THE EARTH EQUATORIAL SYSTEM

XVEC,YVEQsZVEQ - VECTOR IN ThE VENUS EQUATORIAL SYSTEM

LECVEQ/RAVEQ - DECLINATION AND RIGHT ASCENSICN OF THE VECTOR IN
"THE VENUS ECUATORIAL SYSTEM

REAL JD
33
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TE={JO-2415C20.) /3€£25.

ALFHAO=272.75

GAMNAC=T71.5C
OMEGCA=T5.77CS€4E+C.8CSBEC*TE+0.,00041 1% TEX*%*2
XI1=3.353630+0.C010CEXTE~C JSTCE~6%*TE *%2

CALL RECPEQ(JL,ALPHAC, GAMMADWCMEGA,) X1+ XEQ+sYEC,ZEQ)XVEQ)YVEQ+ZVEQ)
CALL LATLANG(XVEG,YVEG,ZVEG.DECVEQ,RAVEQ)

RETLRN
ENC

SUBRCUTINE RECMECQUJLXEQWsYEQ+ZEQ)XMEQy» YMEG,» ZMEW,DECMEQ,RAMECQ)

THIS SUBROULTINE ROTATES A VECTCR FRCM THE MEAN EARTH EQUAT CR-
EQUINOX TO THE MEAN MARS EQUATOR-EQUINCX COCRDINATE SYSTEM. THIS
ROLTINE CALLS SUBRCLTINES REQPEQ ANC LATUNG.

JD - JULIAN CATE- AT TIME OF INTEREST

XEC,YEULZEQ - VECTCR IN THE EARTH EQUATORIAL SYSTEM

XMEC YMEQ +ZNMEQ - VECTOR IN THE MARS EQUATOR TIAL SYSTEM

DECMEG,RAMEC - CECL INATICN AND RIGHT ASCENSION OF THE VECTOR IN
THE MARS EQUATOKIAL SYSTEM

RELL JD

TE=(JC~-2415C20.)/3€525,
TAL=ANCO(TE*1CO e yl.)
TP=TE*1CC.-TAU~5C.

ALPFAC=317.,793416667+0.6520833E-2%TF-0.0C1013*TAU
GAMMAJ=54 .€5T5CCCCC+C.CC35%TP-0L.000€31%TAU
CMEGCA=4E,TECL4416T+C . TT0GF16TATE-J.128BEFBBIE-S5*TE**2
XI=1.€5(0332333-C.675E-3%TE+0.12611111E-4%TE ¥%*2

CALL RECPEGUJC +2LPHAOD,CAMMADSCMEGA, XTI » XEC,YEC,ZEQ,XMEQyYMEG, ZMEQ)
CALL LATLNG(XMEC,YMEC,ZMEQ+DECMEQ,RAVNEQ)

RE TURN
ENC

SUBRCUT INE RECPEQ(JC ALPHAO yGAMMAO,CMEGA, XT 4 XEQ,YEQ,ZEQXPEQ,YPEQ,
1ZPEQ)

THIS SUBROLTINE ROTATES A VECTOR FRCM MEAN EARTH EQUATOR-EQU INOX

TO PLANET EQUATCR-ECQUINCX COORUINATE SYSTEM. THIS ROUTINE CALLS
SLBKCLTINE EULER. .
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JC - JULIAN CATE AT TIME OF INTEREST
ALPHAQ,GAMMAO - RIGHT ASCENSION AND DECLINATION OF THE PLANETS
AXIS CF ROTATICN EXPRESSED IN THE EARTH EQUATORIAL
COORLCINATE SYSTEVW
CMEGAs X1 ~ LONGITULCE JF THE ASCENDING NODE AND INCL INATION OF THE
FLANETS CRBITAL PLANE REFERENCELC TO THE ECLIPTIC AND
VERNAL EGQUINUJX
XEC,»YEC,ZEC -~ CCMPCNENTS COF THE VECTGR IN T+E EARTH EQUATORIAL
CCORDINATE SYSTEM
XPEC+YPEQ+ZPEQ - CGMPONENTS GF THE VECTOR IN THE PLANET EQUATORIAL
COCRDINATE SYSTEM
RE#L JC
DIMENSICN RPQW(3,3)
DR=0,(17453262516942
RC=£17.2€577¢<513(823
TE=(JC-241502C,/3€825.
E=23.4522¢444-0.13C125E~1%TE-01€63E888SE-5%TE*%2+0,50277778E~6%TE*
1*3

CE=COS(E*DR)
SE=SINIE*DR)
CAL=COS(ALPHAO*LR)
SAL=SIN(ALPHAC*DR}
CGM=CUSI{CANMNAGC*DR)
SGFM=SIN(GAMNMAC*CR)
CCk=CCS(CMEGA*CR)
SOVM=SIN(OMECA*LR)

CZP=CE*SCVM*CAL-CCM*S 2L
SIP=SQRTA(1 .~CZP*CZF)
ZP=ATAN2(SZF,CZP)*RC
SXP=SE*CAL/SZP
CXP={(—-CE*CCM*¥CAL-SCM*SAL)/SZP
XP=ATAN2(SXP ,CXP)%RC
SYF=SE%*SONM/SZP

CYF=(CE*SCNMA*SAL+CCVMACAL)I/SZP
YP=ATAN2{SYF,CYP)*RL

CI=CCSU{XP-XIT)ACR)*SIN({YF-GAMMAC)*DR)}+SIN{{XP=XI)*DR)*COS({YP-GAN
1MAC)*CR)I*CZF
SI=SCRT(1.-CI1*C1I)

SWP=SZP*SINC(XF-XI)}*DR)/SI

CHF={-CCS ({XP-XI)#CR)*CCS{(YF~GAMMAD )*CR)}+SIN({XP-XTI)%DR)I*SIN({YP—-
1GAMMAD ) *CR)*CZP )/S 1

WP =ATAN2{ SWFPCWF)*RD

CALL BULER(DIEC)YECs2EQXPEQ/)YPEQ,ZPEQy 90.+ALPHAD, WP+180.,90.—GAMMA
IOOOOQOQDOQyCQQOQDOO!1’0)

RETURNM
ENC
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SUBROUTINE RECEQUJC+XEC)»YEC»ZEC+XEQ,YEQHZEQ)

TE1S SUBROUTINE ROTATES A VECTOR FRCM THE MEAN EQUINOX AND ECLIPTIC
OF CATE TO THE MEAN EARTH EQUINOX AND EQUATCR OF DATE COODRDINATE SYSTEM

JC - JULIAN CATE

XEC+YEC+ZEC - CCMPCMAENTS OF THE VECTOR IN THE MEAN EQUINOX AND ECLIPTIC’
OF CATE COORCINATE SYSTEM

XEC,YEC,ZEC — CCMFCMNENTS GF THE VECTCR IN THE MEAN EARTH EQUINOX AND
EQUATGR OF CATE COORDINATE SYSTEM

REAL JD
DR=.C174522%2516G643
TE=( JD-2415C€20.) /36525,
X1E=23.452294-0.013C125*TE-0.00000164*TE**240.000C00503%TE*%*3
C=CGS(XIE*DR)
S=SIN(XIE*CR)

XEQ=XEC

YEC=YEC*C-ZEC*S
ZEC=YEC®XS+ZECH#C

RETURN

END

SUBRCUTINE FXYZPQW VX VY 4VZ 3XI yWsOsRPQWy VP \Qy VH)

THIS SUBROUTINE RCTATES A VECTOR FROM THE XYZ TO THE PQW COORDINATE
SYSTEM

VXsVYVZ - COMPCNEMNTS CF THE VECTOR IN THE XYZ SYSTEM

XlsweG - INCLINATICM, ARGUNENT OF PERIAPSIS, AND LONGITUDE OF
THE ASCENDING NODE

RPLW - ROTATICNAL MATRIX FRCM THE XYZ TO THE PQW SYSTEM

VP 4VQ,VW — CCMFCNENTS OF THE VECTOR IN THE PQW SYSTEM

DIMENSIGN RPQW(2,2)
DR=,(174532¢2515%43

CW=CCS [WCR)
SW=SIN( W*DR)
C0=COS (C*DR)
SG=SIN(O%*CR)
CXI=COS(XI*DR)
SXI=S IN(X I*DR )

RPCW (11 )=Cw*CO-SW%SO*CX]
RPCW (]l +2) =Cw*SC+SW*CC*CXI
FPCW {l43)=5Sh*SX]

RPQW (241 )=—SW*CC-Cw SO *CXI
RPCW(2+2) =—SW¥SO+Ch*CO*CXI
RPCW (243 )=Ch*SX1
RPUW(3,1)=SC*SXx1
RPQW(3,2)=-C0O%SXI
RPCWI(3,3)=CXI

VP=RPQh (1 1) *VX+RPCH(1 42 )*¥VY+RPQW (]l y3)*VZ
VC=RPUIWI2,41 )*VX+RPCU(2,2)*VY+RPQW(2,3)*VZ
Vh=RPQR (3,1 )%V X+RPCUK(3,2)4VY+RPQW (3,3} %V

RETURN
ENLC
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SLERCLTINE RPCWXYZ{VP o VQsVie XTI oW UeRXYZHyVX VY ,VZ)

TRIS SLBROLTINE RCTATES A VECTOR FRCM THE PCW TO THE XYZ
COORCINATE SYSTEW

VP +VQ VW — CCNMFECNEMTS CF THE VECTOR IN THE FQW SYSTEM

XIswsJd = INCLINATICN, ARGUMENT OF PERIAPSIS, LONGITUDE OF ASCENDING
NGDE

RXYZ - ROTATICNAL NMATRIX FROM THE PQW TO THE XYZ COORDINATE SYSTEM

VXoVYVZ — COMPCNENTS CF THE VECTOR IN THE XYZ SYSTEM

DIMENSION RXYZ(3,3)
DR=,C17452292£16643

Ch=COS(W*DR}
SA=SIN(W%CR)
CO=COS(D*DR)
SO=SIN{(GC*CR}
CXI=COS{XI%LCR)
SXI=SIN(XI*CR)

RXYZ({1+1)=Cw*CO-Su*S0*CXI1
RXYZ{192)=—SW*CL-Ch*SO*CXI
RXYZ(1,3)=SC*S5XI
RXYZ(2+1)=Cr%*SO0+SW*CO*CXI
RXYZ(2+2)=—SWa*SCH+CWACOX*CXI]
RXYZ{293)=-CO*SX]
RXYZ(341)=5Sh*SX1I
RXYZ{3,2)=Ch*SXI
RXYZ(3,2)=CxI

VX=RXYZ{1,1)*VP+RXYZ{1,2)¥VQ+RXYZ(]1 »3)%VW
VY=RXYZ{2,1)%VP+RXYZ(242)*¥VQ+RXYZ(2,43)*VH
VZ=RXYZU3,1)*VP+RXYZ{3,2)%VQ+RXYZ(3,3)*%VW

RETLEN
END

SUBRCUTINE EEARTH(JLCyXHEYHE yZHEy DXHEs DYHE, LZHE)

THIS SUBRGUTINMNE CCMFUTES THE HELIOCCENTRIC PCSITICN AND VELOCITY OF
THE EARTH IN MEAN ECUINOX AND ECLIPTIC OF DATE COORDINATE SYSTEM.
THIS ROUTINE CALLS SULBRCUTINES TINVS AND CCMCAR.

JD - JULIAN CATE
XtESsYFEsZHE - PCSITICN OF EARTH
CXFEWLCYFEYCZFHFE = VELCCITY GF EARTH

REAL JD
ANGLE(X)=8MCD(Xy3€Ce)+18C.~SIGN(180.4X)
DR=,C17453262515942

RC=£7.2€577¢£13(823

USULN=1.32715445€E+11

AU=14S5¢<8¢€45.,

37
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D=Jb-241502C.
crc=Cvs1CQCC.
Te=L/3€22¢%.

AE=1.COC0CC23*%AL

EE=C.016751C4~C.00CC418C*TE-C.CO0000126%TEX*2

XIE=(.C

WE=1C1.2208224C.CCCC4T7CE8%L+C.0000339%CD*%*240,00C00007*CD%%*3

Ce=(.{

XME=ANGLE(35E.415E45+C,.GB5600267*D-C.CCNN112%CD*%¥2-0,00000007*CD**
13}

CALL TINVSI{XME*LR,EE,ECE,FE)
CALL CONCARU(AL yEEsXIE»WE»CEWFE*RD 9 XHE,YHEZFHEyDXKE, DYHE,DZ+E USUN)

RETURN
ENC

SLEROLTINE EVENUSCJL o XEVeYHVyZHV 4 DXHVy DYHV,LZHV)

THIS SUBRCLTINE CCMFUTES THE MEAN FELICCENTFIC POSITION AND
VELCCITY OF VENLS IN THE MEAN EARTH EQUINOX AND ECLIPTIC OF DATE
CCCRDINATE SYSTEM. THIS RCUTINE CALLS SUBROLTINES TINVS AND CONCAR

JD - JULTAN LCATE
XHVs YHVsZHYV - PGSITICN GF VENUS
DXtV DYHV,0ZHV - VELCCITY GF VENUS

REAL JD
ANGLEI(X)=0MCDIX,36C«)+1B0.-SIGN{180.,X)
DR=.C174532262£1¢66G42

RD=57.26577<£130822

LSIN=1.32715445E+11

AU=145568845,

D=JD-2415C2C.
CD=L/1500C.
TE=D/3€E25,.

AVv=C.723321€*AU

EV=C£C682C69-C.CCCO4TT4xTE
XIv=2,3G3€3040.001CC(5*%TE-C. CCCCODITHTE*%2
CV=T75.771964E+ (o 8CSECORTE+LC 000411 %TE**2
WV=130.16C5CC+1,4CEC36*TE-0.0009T76%TEX%2-CV
XMV=BNGLE(212.€60321G+1.€G213C1540%D+C.0OC09€420%CN*%*2)

CALL TINVSE XMV#DR,LIEVSECV,FV)
CALL CONCARCGAV) EVHXIVahVOVeFVERDyXHVyYHV 9 ZFHV DXHV +DYHV,DZEV,USUN)

RETURN
END
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SUBROUT INE EMARS(JD yXHM oYHMy ZHMy DXHNy DYHM,D ZHM )

THIS SUBROLTINE COMFUTES THE MEAN HELICCENTFIC POSITION AND
VELGCITY OF MARS IN THE MEAN EARTH EQUINOX AND ECLIPTIC OF CATE
COORDINATE SYSTEM. THIS RCUTINE CALLS SUBRCUTINES TINVS ANC CONCAR

JC - JULIAN DATE
XtM,YEM,ZHM - PCSITION OF MARS
DXFVMsCYHM,DZHM ~ VELOCITY CF MARS

REAL J4C

ANCLE( X )=AMCD(X,360.)+180.-SIGN{180.yX)
CR=,017452292£166542
RC=£7.2€577¢£12(C823
USUN=1,3271%445E+11

AU=149598E45.

D=JC-2415020,
CC=C/1C000.
TE=D/3¢é525.

AM=1.£236S15*%AU

EM=(.(S33129C+0.00CC920€4*TE-Q.0CO00007T*TE*%2
XIM=1.850334-C,CCC6T5* TE+0. 00001 2%TE¥X*2
CM=48,T7E644:¢C,TTCSC1*TE-C.CCOCOLS*TE*x%2~0.COONCETOHEXTEX%*3
WM=334,2182C3+1,€4C759% TE4+C.000130*TE*x*2 ~0+(0000129%TE**3-0M
XMM=ANGLE(319.52S4254C.5240207666%D+C 000013553 %CD**2+0.000000025%
1CC*%2)

CALL TINVSUXMMACREM+ECPF,FM)
CALL COCNCAR(AM, EMyXIMyWM,CMyFMEXRD yXHMyYHM yZEM y DXHM, DYHM,DZHM,USUN)

RETUKN
END

SUBROUTINE SUN{SX,8Y,57 s SUNBJAEWXT yWsODyRPCWyU RSy KK)

THIS SUBROLTINE CCMPUTES TFHE POSITICNS IN OFRBIT WHICH CORRESPOND
TG VARIOUS LIGFTING ANGLES AND WRITES OUTPUT DATA. THIS ROLTINE
CALLS SULBROLTINES SUNBAND, CCNCAR, CARSPH, IND TCONIC.

SXsXY 952 —- CCMPCNENTS CF THE UNIT VECTOR FRCM THE PLANET TOWARD
THE SUN
SUNB(1-6) - LIGHTING ANGLES. {ANGLE BETWEEN THE SUN VECTOR AND THE
SFACECRAFT RADIUS VECTOR
AsE - SEMINMAJOR AXISy, ECCENTRICITY
XIswsO — INCLIMATICN, ARGUMENT OF PERIAPSIS, LONGITUDE OF ASCENDING
NCECE
RFCW = RCTATICNAL MATRIX FROM THE XYZ TO THE PQW COORDINATE SYSTEM
UsRS - GRAVITATIONAL CCNSTANT AND RACIUS OF THE PLANET
KK - CCONTROL INTEGER. O IMPLIES THAT XI,w+0 ARE INPUT. 1 IMFLIES
THAT RPQwW IS IMNPUT.

DIVENSICON RPQW(3,3),SUNB(E&}
DR=.0174532¢2519942
ANGKT=SQRT(L/A*#*3)
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WRITE(64+1C5)

DC 1C I=1,06
IFCSULNBLI).LT..C1l) GC TO €GO

CALL SUNBANLU(SX,ySYsSZySUNBIID)yXIyWeOsRPQW,»TE1,TA2,ITYPEL,ITYPE2,KK

1)
IFCITYPEL .EC.C) GC 10 10

CALL CONCAOR(AZEsXI oW sO+sTALyX9YsZsDXsDYHDZyU)
CALL CARSPH(XyY¥Y9Z+DXsDYDZ4R1,RAY,DEC1yV1,FFALl,AZ)
CALL TCONIC(U,.E,4,T41,T1)

T1=T1760.

H1=R1-RS

VOH1=V1*CCS(FPA1%CR)/H1

GC TC (142+244),1ITYPEL

WRITE(64,1C1l) SUNB(I)sT1,yTAl,4H1,DEC1,RALl,VOH1
GO T0 5

WRITE(6,102) SUNBI(I),T1,TAl,H1,DEC1,+RA1l,VOH1
GO TG ¢

WRITE(64+103) SUNBI(I),T1l,TA1,H1,DEC1,RAL,VOK1

CO 10 5
WRITE(6,104) SUNB{(T),T1,TAl,H1,DEC1,RALl,VOH1

CALL CONCAR(A,E+XToWeOsTA29XsY Z,4DX DY 4,DZ,U)
CALL CARSPH{X Y sZ +LXDYDZyR2,RA2,DEC2,V2,FFA2,4AZ)
CALL TCONIC(UE4,T82,T72)

T12=T2/¢€0.

H2=R2-RS

vOF2=V22CCS{FPAZ2*DR)/H2

CO TO (6¢7¢899)y1TYPE2

WRITE(64+4101) SUNBI(I)T2,sTA2,H24DEC2 yRAZ,VOHZ
GO YC 1¢C

WRITE(6,102) SUNB(I)+T2,TA2,H2,DEC2,RA2,V(OH2
GO T0 10

WRITE(6,1C3) SUNB(I),T2,TA2,H2,0EC24RA24VCH2
GO 10 10

WRITE(E€41C4) SUNBI(I),T2,TAZyH2,DEC2,RA2,VOH2

CONTINUE

FORMAT (11H SUN ANGLEFS.1,21H DEG AND INC, $/C ASC,5F11.2+F14.8)
FORNMAT(LIH SUN ANGLEF5.1,21H DEG AND INC, $£/C CSC,5F11.2,F14.8)
FORMAT{L1H SUN ANGLEF5.1,2z1H DEG AND DEC, £/C ASC,5F11.2,Fl4.8)
FCRMAT(11H SUN ANCGLEFS5.1,21H DEG AND DEC, $/C DSC,5F11.2+F14.8)

FORMAT(LHG»41X,E2FTIME Te.A. ALT
1 V/H/)

&E TURN
END

DEC RA



OO AAO A ANANAOO0

800

APPENDIX B

SUBROUTINE SUNBANC{SXySYsSZyPSIoXI yW,0RPQW TAL,TA2,ITYPEL,ITYPE2,
1KK)

THIS SUBROULTINE CCMFUTES THE POSITICN IN UREIT WHICH CORRESPONDS
TO A GIVEN LIGHTING ANGLE. THIS ROUTINE CALLS SUBROUTINES RXYZPQW
ANL CACRAT

SXeSY,SZ - CCMFCNENTS OF THE UNIT VECTOR FRCM THE PLANET TOWARDS
THE SUN
PSI - LIGHTING ANCLE. (ANGLE BETWEEN THE SUN VECTOR AND THE
SPACECRAFT RALIUS VECYGR)
XIoeweO — INCLINATICMN, ARGUMENT OF PERIAPSIS, LONGITUDE OF
ASCENDING MNODE
RPCh - ROTATICNAL MATRIX FRCM THE XYZ TO THE PQW COORDINATE SYSTEM
TA1,TA2 - FIRST ANO SECCND TRUE ANOMALIES CCRRESPONDING TO A
LIGHTING ANGLE
ITYPEL,ITYPE2 - CCMTROL INTEGER TO INDICATE THE CONDITIONS AT TAl
AND TA2. O IMPLIES NO SOLUTION. 1 IMPLIES PS1 INCREASING
SPACECRAFT ASCENDING. 2 INMPLIES PSI INCREASING, S/C
CESCENDING. 3 IMPLIES PSI DECREASINGy S/C ASCENDING.
4 IMPLIES PSI CECREASINGs S/C DESCENDING.
KK - CCNTRCL INTECER. O IMPLIES THAT XI.W,0 ARE INPUT AND RPQW IS
CUTPUT. 1 IMPLIES THAT RPQW IS INFUT.

DIMENSICN FFQW(3,2)

CR=40174522G2516543

ITYFEL1=0

ITYPE2=0

IFIKK.EQ.1)CO TO 1

CALL RXYZPCW(SX oSYySZy XTI sWsOsRPQAW+SPySQsSHW)
GO T0O 2

SP=RPCW {141 )*SX+RPCW(L,2)*SY+RPQW (1 43)*SZ
SQ=RPUW(2 41 )*SX+RPCW{2,2) *SY+RPQW(2,43) %52
SKh=RPCWI(3 ,1 1ASX+RFCW(3,2)*SY+RPQW(3,3)*SZ
A=SQ¥*4/SP*#242 ASQH¥H 24+ SP*%2

B=—=2 .*CCS(PSI*DR)*(SQ**3/SF*¥*2+5Q)
C=Sh*¥2+4SQ#*%2/SP*%k2%COS{PSI*DR)**2-SIN(PSI*[R)*%*2
CALL QADRAT(A,B,C,SF1ySF24NUM)
IF(NLVM.EQ.C)GC TO 80O
IF(AESISFL1l) eGT el eeCR.ABSISF2).GT.1)G0O TO ECC
TAL=ATAN2(SF1,{COS(PSI*CR)-SC*SF1)/SP}/DR
TA2=ATAN2(SF2 ,{CCS{PSI*DR)-SQ*SF2)/SP)/DR
SCPS1={SP*SF1-SC*CCS(TA1*CR))I/SIN(PSI*DR)
ASCES=RPQW(2+3)*CCS(TAY*DR)-RPQW {1l +3)*SF1
IFUSDPSIeGTe0e e ANL.ASDES.CT 0. )ITYPEL=1
IF(SCPSI«GTe0eeANCoe 2SDES.LT 0.)ITYPEL=2
IF(SEPSIelTe0e+ANCASDES.GT0.)ITYPEL1=3
IF(SOPSIeLTeO0e ANLCe ASVES LT .0} ITYPEL=4
SDPSI=(SP*SF2~SQ*CCS{TA2*CR))I/SIN(PSI*DR)
ASCES=FPQW (Z,3)*CCS{(TA2*DR)I-RPQW(1+3) *SF2
IFUSDPSIeGTe0e o ENCo ASDESCT 0. )ITYPE2=1
IF{SEPSTeGT e0e «ANDASDES.LT.C.)ITYPE2=2
IF{SCP Sl «bL Te0o o ANLoASDES«GT e 0 )JITYPE2=3
IF(SCP ST eLT 00 eANDASDES LT 0. )ITYPE2=4
CONTINUE

RE TURN

ENC

41
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SUEROUTINE OCCULTUAWE9XI sW9OsUpRSyEXVEYLEZHTOCC,TLyALT1,F1,DEC1,4R
1A1,T2,ALT2,F2,DEC2+RA2,KK)

THIS SUBROLTINE CCMPUTES THE ENTRANCE AND EXIT TRUE ANOMALIES OF
OCCLLTATICN. THIS RCUTINE CALLS SUBROUTINES RXYZPQW,y QARTIC,
CROSSy DOT, TCCNICy RPQWXYZ, AND LATLNG.

AyEsXI - SEMIMAJOR XIS, ECCENTRICITY, INCLINATION

Wy0 — ORGUMENT CF PERIAPSIS, LOUNGITUDE OF ASCENDING NODE

UsRS - GRAVITATICNAL CONSTANT AND RACIUS OF THE PLANET

EX+EYyEZ - CCMFCNENTS OF UNIT VECTCOR TOWARD THE BODY OCCULTED

TOCC - LENGTH OF TIME IN SHACOW

T1,ALT1+F1,LECL1eRAL — CCNDITIONS AT ENTRY INTO THE SHADOW, TIME
FRCM PERIAPSIS, ALTITUDE, TRUE ANCMALY, DECL INATION, AND
RIGHT ASCENSION

T2+ALT2F2,CEC24R82 - CCNDITICNS AT EXIT FRCM THE SHADOW

KK - CONTROL INTEGER. G IMPLIES NO OCCULTATION, 1 IMPLIES CCCULT.

DIMENSIGN RPUW(3,2),CF(4),RXYZ{(3,3)
ANCLEUX)=ANMCD(X»36C.)+18C.-SIGN{180.X)

DR=.C174532292E1¢¢42

RD=£7.26577¢513(C822

Fl=2CCC.

F2=200C.

KK=0

P=A%({1-E*E)

CALL RXYZPJW{EX EY EZyXIsWsOs»RPQW,BETA,,XXI,2B0ODY)
Cl=(RS/PI*HGHEXH4=2 (¥ (RS/PI*RE2K (XX *%2 -BETA¥K2 )% E**2+{BETA¥¥2 XX [ *
1%2)%%2

C2=4 % (RS/PIFXGXEXK -4 %[ RS/ P) *%2% { XXI %%2-B ETA%%2 ) *E

C3=6 ¥ (RS/P)FHGHEX®2-2 X (RS/PIXE2 %[ XX *¥%#2-BETA%¥2)=2,%(RS/P ) **2%(1
Lo XXT#%2)%Ed%¥242 (XL *%¥2-BETA¥%2)%( 1 .~ XX]*%2) -4, #BETA®%2¥ XX [%%2
Ca=b4 ¢ ¥{RS/P)I* % 4BE-4 X (RS/P)I*%2%¥ (1 - XXI¥%2)*E
CS={RS/PI*%4=2 , % (RS/P)¥% 2% (] o= XX T**2 )+ {1 . —XX[%k%2)*%2

CALL CARTICI(C14C2+C34C4,C5,CF(L1),CF{2},CF{3)yCF(4}),yJ4)

IF(JJ.EQ.0) GO TO &0C

CC 3 I=1y4J
IF(ABS(CF{I}}eLTo1.C001.ANCLABSICFIT))GTele) CFI)=0,999999
IF(ABSICF{TI)).GT.1le) GC TG 3

SF=SCRT{1l.-CF(I)%%2)

R=P/(1.+E*CF(]1))

CALL CROSSU{FR#CFU(I))R*¥SFy0«yBETA,XXIZBODYP ¥yPY,PZ,PRODUCT}
CALL DOTUCF(I)sSF,C.+BETA,XXI+2BODY,ANG)
IF(ABS(PROOUCT-RS) el TeeCl . AND.ANG.GT.90.}) GC TO 1

SF=-SF

CALL CROSSUIR*CF{I)+R#*SF 40 +9yBETAWXXIZBODY.PX,PY,PZ,PRODUCT)
CALL DCTHCF{I)+SF40sBETA,XXI,ZBODYyANG)
IF(ABS(PRCDOLCT-RS).LTe «01.,AND.ANG.GT.9C.) GC TO 1

GO 1C 3

IF(Fl.LT.1CC0.)G0O TC 2

FI=ANGLE(ATAN2 {SF,(F{I))%RD)

GO 70 3

F2=ANGLE(ATIN2(SF,CF(I))*RD)

GO TC &4

CONTINUE
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IF(F2.6T.1CC0.)GC TC 800

CF1=COS{F1*CR)

SF1=SIN(F1%*CR)

DSCF=2 o *RS#RSA( 1 +E*CFLIH(-E*SF1)+2. %P P*¥(BETA*CF1+XXI*SF1)*(-BETA
1*SF1+XXI*CF1)

IFIDSDF.GT.C.)CO TO 5

TEMP=F1
F1=F2
F2=TEMP

CALL TCCONICIUE+8,F1,T1)

CALL TCONIC{UEsAyFZ2yT2)

1CCC=T2-T1

IFITOCC oL ToC.)TCCC=€.2831853%SQRT(A**3/U)+TCC

11=T1/60.

T2=T2/¢€0.

TCCC=TGCC /60

AL11=P/(1.+E*CCS{F1*DR))-RS

ALT2=P/ (1 .+E*COS(F2#*DR ) )-RS

CALL RPQWXYZUCCSU(FL*CR)oSIN(FL*DR) 9Cey XIoWsCoyRXYZ4RX9RY4RZ)
CALL LATLNG(RXsRY,RZ,DEC1,RAL)

CALL RPCWXYZ(CCS(F2#CR) ySIN(F2%¥DR )}, CQoy XIyWy Coy RXYZyRXRY yRZ)
CALL LATLNG(RX,RYyR2,DEC2,RA2)

KK=1

GO 1C sco

CONTINUE

TOCC=0.
Tl=(C.
ALT1l=C.
F1=GC.
DEC1=C.
RAl1=0.
T2=C.
ALT2=C.
F2=0.
DEC2=0.
RA2=C.
CONTINUE
RETURN
ENC
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SLBRULTINE CONCAR{A,EsXToWyOsFeXyYyZyDX+DYoLZ,U)
THIS SLBROUTINE CUAVERTS CCNIC ELEMENTS TO CARTESIAN COORDINATES

AysEWXI =~ SEMINAJOR £XIS, ECCENTRICITY, INCL INATION

koOsF - ARGUMENT CF PERIAFSIS, LONGITUDE OF ASCENDING NODE, TRUE
ANCNMALY

XoYeZ ~ CCMPCNENTS CF FOSITION VECTCR

CX LY DZ = CCMFCNEMTS CF VELOCITY VECTOR

U - GRAVITATIONAL CCASTANT

CATA DR/ .C174532G62516943/
FR=DR*F

WFR=DR*(W+F)

OR=CR*0

XI E=DR*XI
CEN=1.+4E*CCES(FER)
R=A%*(1.-E*E)/LEN
V=SCRTIU*{2,/R-1./8})
GAM=ATAN(E*SIN(FR)/DEN)
WFGFR=WFR-GAM

CWE=CCS(WFR)

SWF=SINIWFR)

SC=SINICR)

Co=CCSIOR)

SI=SIN(XIR)

CI=CO0S(XIR]}
SWFC=SIN{WFCR)
CRFG=COS{WFCR)

X=FK*¥ (CWF*CC-ShF%S0*CI)
Y=R¥*(CWF*SC+SwWF*CC2CI)
L=R%¥SWF%S1
DX=Vv*{-SWFG*CC-CWFC*50%CTI)
DY=\V¥{-SWFG*SO+CWFC2CO*CI)
DZ=V*CWFG*S 1

RETLRN

END
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SUBRCLTINE CERSPH(X Y +Z 4DXeDY¢DZsRyRAS,DEC,\V,GAM,SIG)

THIS SUBROUTINE CCAVERTS CARTESIAN COORCINATES TO SPHERICAL
CCCRDINATE,

XeYsZ - CCMFONENTS CF PCSITICN VECTOR

OXyLY»DZ — COMFCNENTS OF VELOCITY VECTOR

RyRESHLEC — MAGNITUDE CF FCSITION VECTOR, RIGHT ASCENSION,
CECLINATION

VeCeMySIG ~ MAGNITLLE OF VELOCITY, FLIGHT-PATH ANGLE, AZIMUTH

CATA RD/517.25577€512082221/
ARSA(TI=ATANLIT/SCRT (1 .~T*T))
R=SQRT(X*X+Y*Y+Z%*7)
RAS=ATANZ (Y eX)

DEC=ARSN(Z/R)
V=SCRTIDX*CX+LCY*CY+[Z%*DZ)
CT=CCS(RAS)

ST=SIN(RAS)

CP=CCS(DEC)

SP=SIN(DEC)
DXP=CX#CT*CP+4DY*ST*CP+DZ*SP
DYP==~DX*ST+LY*CT
CZP=-CX*SP¥CT-DY*SPAST+CZ2*CP
GAM=RLC*ARSN(CXP/V)
SIG=RD*ATAN2(LYP,DZP)
RAS=RL*RAS

CEC=RC*DEC

RETURN

ENC
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SUBRCUTINE TCONIC(UEC»A,TA22,T)

THIS SLEROUTINE COMFUTES THE TIME FROM PERIAPSIS PASSAGE FCR A
GIVEN TRUE A&NCMALY

U - GRAVITATICNAL CCASTANT
EC,A,TA22 - ECCENTRICITY, SEMIMAJOR AXIS, TRUE ANOMALY
T - TIME FRUM PERIAFSIS PASSAGE

TANCF{X)=SIN {X)/CCS (X}
TA2=TA22%,174522625E-1
SLR=A%*(1.-EC¥EC}

AB=ABS (A)

FAC=AB*SQRT (AB/U)
ECA={1.~EC)/(1.+EC)

ABE=SQRT (AEBS (ECA))

THE=TANGF (,5%TA2)
IF(AEE-.CCC(5])11,411,12

CONTINUE

ECA=2 . %ATAN (ABE*THE)
IF(A)14+11413

T=FACK(ECA-EC*SIN (ECA))

GO T1C 1¢

ANG=ABE*T HE
ANG=1,+2.%ANG/ (1. - 2NG)
T=FAC*¥(EC*TANGF{ECA)-ALOG(ANG))
€O TO te

FAC=SQRT (SLR¥#3/L)%2./((1.+EC)*%2)
ECI=ECA*THE*%2
T=FACK(THE+THFE*#33 ({1 .-2.%ECA)/3.~(2.-3,%¥ECA)*ECL1/5.4(3.~4.*ECA)*E

1C1%%2/ T e~ (4 e=5.%#ECA)*EC1¥%3/G.))

CONTINLE
RETURN
END

SUBROUT INE TIN\VS(M,E,EC,F)

THIS SUBRGULTINE CCNVERTS MEAN ANCMALY TO ECCENTRIC AND TRUE
ANCHMALY

MyE - MEAN ONCMOALY IND ECCENTRICITY
EC+F - ECCENTRIC AND TRUE ANOMALY

REAL M,MU

EC=M

MO=EC-E*SIN(EC)

D¥=N-MC

DE=EM/ (1 .—-E*CCS(EC))
EC=EC+DE
IF{ABS{DE).GT..C001)GO TC 10
HEC= EC/2.
HF=ATAN{SCRT{{1+E)/{1.~E))*SIN(HEC)/COSIHEC))
IF(HF oLTeCo) HF=3.1415926+HF
F=2.%F

RETURN

END
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SUBRCUT INE CACRET(2 485CyX19X2,KK)

THIS SUBROUTINE SOLVES THE EQUATION AX**2 +EX +C=0 FOR THE REAL
ROCTS

AyByC -~ COEFFICIENTS OF THE DIFFERENT POWERS OF X
X14X2 - REAL ROOT OF THE EQUAT ION
KK - NUMBER OF REAL ROOTS

Kk=C

CIS=B%B-4 .*A*(
IF(CIS.LT.0.) GO TG 80¢C
X1=(-B+SCRTI(DIS)}/2./A
X2=(-8-SQRTI(DIS)}/2./4A
KK=2

RETURN

ENC

SUBFOUTINE CUEIC(A,B,CyDy XLy X2 4 X3 #KK)

THIS SUBROUTINE SOLVES THE EQUATION AX*%3 +EX*%2 4+CX +D = ¢ FOR
THE REAL RCCTS

AvEByCoD - CCEFFICIENY OF THE DIFFERENT POWERS OF X
XleX24X3 - REAL RCC1S OF THE EQUATICN
KK - NUMBER CF REAL ROOTS

KK =0

PI=3.1415627

IF(AILT .QIE-30IAACIA.GT.-CIE—30) GO 70 4
P=B/A

C=Cvs»

R=D/A

SA=(3.%Q-P*%2)/2,
SB={2.*P**¥3-9 . %P*Q+ 2T . *R)/217.

DEL=(4 .#Q#33- Q¥ 42% F4 4218 (¥ Q*¥P*kR+2 7. %R *%x2+4 ,*P%X3 %R ) /108,
TF(CEL LT ¢ o1€-30 ¢ANDDEL«GT.~.1E-30) GO VO 2
IF(DEL)143,2

KK=3

CPHI==-SB/24/SQRT(SA%%3/(-2T7.))
IF{ABSICPHI).GT.1.)€0 TO 10

SPHI=SQRT(1l «~CFRI*%*2)
PHI=ATAN2(SPHI,CPK1)

GC TC 11

SPHI=SQRT({(27 .*DEL)/SA**%3)

SINCE FOR SMALL ANGLES SPHI=PHI
BETA=SPHI
IF(-SBelT.Co)PHI=3,4141592€653589793~-BETA
EQ=2 +*SQRT(-SA/3.)
X1=EG*COS{PKHI/2.)-F/3.
X2=EC*CGS(FHI/3.+2.%P1/3.,)-P/3.
X3=EO0¥COS(PFI/3 ¢4 4%P1/3.)-P/3.

GO 10 7

KK=1

X1=CERT(~SB/2 . +SQRT(DEL ) ) +CBRT{-5B/ 2.-SQRT{DEL))-P/3.
GO T0 7

KK=3

X1=2.¥CBRT(~SB/2.)-P/3

47
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X2=CBRT(SB/2.)-P/3,
X3=X2

6C 1C 7

CONTINUE
DIS=C*%2-4 %8B %D
IF(DIS)I7+5,5
X1={~-C+SQRT{DIS))/2./8B
x2=(~C-SQRT{DIS))/2./8
KK=2

CONTINUE

RETLRN

ENLC

SUBFOUTINE QARTIC(A 4BoC oD yE s X1 9 X2y X3y X4 4KK)

THIS SUBROLTINE SCLVES THE EQUATICN AX%#%4 +EX*¥*¥3 +CX*¥%2 +DX +4E = O
FGR THE REAL ROOTS. THIS ROUTINE CALLS SUBRCUTINES QADRAT AND CONIC

AyByCoLoE - COEFFICIENTS GOF THE DIFFERENT PCWERS OF X
X1+X2:,X39X4 — REAL FCOTS OF THE EQUATICN
KK = NUMBER OF REAL ROOTS

KK=C

BP=E/¢
cp=C/A
tp=C/A
EF=E/4

F=-EP/4.
H2=H%%2

F3=t2%H

Ha =k 3#H

F=6o%H243 X EP*F +CP
Q=4.%F343 J4BP#H242 (4CP #H+ [P
R=H4+BP ¥H2+CP*FZ4DPHH+EP

CALL CUBIC(Lla92 o¥Fy F¥P=4 %R ,~-Q%Q,T1,T2,73, NRCOT)

GO TC (1+24+3)NRCOT
RP=T1

GU TG 4
RP=AMAXL(T1,T12)

CO 10 4
RP=AMAX1(T1,T2,73)

CONTINUE
SCRP=SQRT(RP)
XI={P¥RP-Q/SQRP}/2.
BETA=(P+RP+C/SQRP)/ ¢z,

CALL UACRAT{1 «+SQRP+XI+Y14Y2,IR0OT}
CALL QALRAT({1.,-SCRP,BETA,Y3,Y4,JR0O0T)
IF(IRCCT+JRCCTLEC.O) GO TO 800

I1F{ IROGT +JRCCTLEC.4) GO TO 6
IF{IRUCT.EQ.0) GO TC 5
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X1l=Y1l+¢H
X2=Y2+H
KK=2

GO 710 800
X1=Y3+H
X2 =Y4+H
KK=2

GO 10 800
X1=Y1+H
X2=Y2+H
X3=Y3+H
X4=Y4+H
KK=4
CCANTINUE
RETURN
ENC

SUBRCUT INE CROSS(X1,4Y1,471+X2,Y2,22,PX,PY,PZ,PROCUCT)
THIS SUBRGUTINE CCMPUTES THE VECTOR OR CRGSS PRODUCT

XlyYlyZ1 - CCMPCNENTS OF THE FIRST VECTOR
X2+Y¥24Z2 - CCMFCNENTS OF THE SECOND VECTOR
PX+PY,4PZ = CCMPCNENTS CF THE VECTOR PRODUCT
PRCCUCT - MAGNITULCE OF THE VECTOR PROUDUCT

PX=Y1%72-714Y2

PY=71%X2-X1%*22

PZ=X1%Y2~Y]#X2
PRCDULCT=SQRT(PX*FPX+FY¥PY+FZ*PZ)
RE TURN

ENLC

SUBROUTINE COTUX1,4,Y1,21,X2,Y2,22,ANGLE)

THIS SUBROUTINE COMPUTES THE ANGLE BETWEEN TWO VECTORS

X1leY1lys2Z1 - CCMFCNENTS OF THE VECTOR R1
X2+Y2922 — CCMPCNENTS OF THE VECTOR R2
ANGLE - ANGLE BETWEEN VECTORS Rl AND R2

RD=£7.26577¢<513(8€23
R1=SQRT(X1#Xx1+Y1#*Yi+4Z21%71)
R2=SCRT(X2#*X2+Y2#V2472%72)

ONGLE=ACOS(I{X1%¥X24Y12Y2+71%72) /R1/R2)*RD
RETURN
ENLC
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SLEROUT INE CRBIT{SLAT,SLONG,sVINF ¢HA yHP ¢yBETA A,E4XIyW,0,PLAT ,PLONG,
1U.RS)

THIS SUBRCUTINMNE CCNMFLTES THE KEPLERIAN CRBITAL ELEMENTS FOR A&
HYPERBULIC PERIAPSIS TO AN ELLIPTICAL PERIAPSIS TRANSFER

SLAT,SLUNG - LATITULDE AND LONGITUDE OF THE S-VECTGR

VINF - HYPERECLIC EXCESS VELOCITY

FA HP - AFCAPSIS ONC PERI&APSIS ALTITUDES OF THE ELLIPSE

EETA - ANGULAR MEASLREMENT OF THE ORIENTATICN OF THE ORBITAL PLANE
A,EyXI ~ SEMIMAJIR AXIS,ECCENTRICITY, AND IAMCL INATION

WsG - ARGUMENT OF PERIAPSIS AND LONGITUDE OF THE ASCENDING NODE
PLAT +PLCNG -~ LATITLCE ANC LCANGITUDE CF PERIEPSIS

UsRS - GRAVITATICNAL CONSTANT AND RACIUS OF THE PLANET

BRCOS(X)=ACCSIX)
ARSIN(X)=AS IN(X) _

ANGLE(X)=ANCD{X 43604)+180.-SIGN{180 .y X)
RC=57.25577$513(823

DR=.C1745326251€542

XI=BETA

IF(XT1.6Te8545695 .AND.XI.LT.90.0001) XI=89.5S99
IF(XI.GT.26S¢SSS9+AND.XIoLT.270,0CCL) XI=26%.9999
A=(2 HRS+HA4HP) /2.

E=(RS+HA) /A~1,
APSHT=ARCOS {U/ (U+(RS+HP )%V INF%%2) ) #RD

B=AR SINCSIN(SLAT*CR)/AES(S IN(X [*¥DR) } )¥RD
DEL=ARSIN{TAN(SLAT#CR)/ABS(TAN(XI*OR)))*RD
IF(XI.LT.180.) GC TC 2
W=ANGLE(1EC.-B-APSH1)

IF(XI.LT.270.) €GO TC 1
O=ANGLE (180 ¢+ SLCNG+CEL )

GO T0 4

C=ANGLE (18C . +SLONG-LEL)

60 10 4 '

W=ANCLE(B-APSHT )

IF(XI.LT.9C.) GO TO 3

C=ANCLE (SLCNG+DEL )

GO 10 4

C=ANGLE (SLGNG-CEL)

CONTINUE

IF{X1.GE.18C.) XI=2€C.-XI

PLAT=3RSIN(SIN(W*LR }*SINIXI*DR) ) *RD
SSDEL=TAN(PLAT*LR)/TAN{XI*DR)
CSOEL=SSDEL/TAN(W*CFR)/CCSIXI%DR)
SDEL=ATAN2(SSCEL,CSCEL )*RD
PLCMG=ANGLE (O+SCEL)

RETURN

END
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SUBRCUTINE PRECES{JC1,XELlsYELyZEL,JD2+XE2,YE2,2E2)

THIS SUBROUTINE TRANSFCRMS MEAN EARTH EQUINCX AND EQUATOR CODRDINATES

FRCM CNE EPCCH TO ANOTFER EPCCH

JC1.4D2 - JULIAN CATES CF INITIAL AND FINAL EPOCH
XElsYE1+ZE1 - CCMPUNMNENTS CF VECTGOR IN JD1 CCORDINATE SYSTEM
XEZ,YE2+2E2 — CCMPCNENTS CF VECTOR IN JD2 CCORDINATE SYSTEM

REAL JC1,4D2

T=ABS((JG2-JD1)/3€£24.215879)

T0=(JD2~2415020.)/3¢€524.219879
ZETAC=(0.€4(C6S44+C.3877777BE-3%TO)*T+C.B83E €888 -4 T**240 ,SE-5%T*
1*3

CZETAD=ZETACH+C +21972222E-3%T%%2
THETAC=(0,55685€11-C.23€9444FE-3%TO)*T-Ce11E823333E-3%T**2-0,11666¢€6
L7E-4 2T %3

IF(JL2-JD1.GT.0.) CGC TO 1
TENF=Z2ETAC

ZETAQO=-CZETAQD
CZETAG=-TENP
THETAQD=-THETAC

1 CALL EULER{(XE1 +YEL +ZEl yXE2+YE24ZE299C. ~ZETA(,~-(90.+CZETAD) ,THETAD,

1DPFI+DPSIyDPSIy ¥XPoyhYPyWIPs1,0)

RETLRN
ENC

SUBRCUTINE LATLAG(X Y9 Z4XLATY ,XLENG)

THIS SUBRCULTINE CCMFUTES THE LATITUDE AND LCNGITUCE OF A GIVEN
POSITIGON VECTOR

XeVyZ — CUMECNENTYS CF THE FOSITICN VECTCR
XLAT XLONG - LATITULLE AND LONGITUDE

ARCCS(X)=ACCS(X)
ARSINIX)=ASINIX)
RD=£7.2€577S5
R=SCRT(X*424Y%%247%%2)
XLONG=ATANZ2 (Y, X)*R0
XLAT=ARSIN{2/R}*RLC
RETURN

ENL

51



OO OAOOAAOOANAOAMAO

10

11

12
13

14

1

52

APPENDIX B

SUBROUT INE EULERIXsYsZosXPsYP yZPyPHI+PSI1,THETA,DPHI yDPSI »DTHETA,WXP
LowYF oWZPy Jo k)

THIS SUBRCLTINE PERFCRMS AN EULER ROTATION 2ND/CR COMPUTES TEHE
INSTANTANEOUS ANGULAR VELOCITY VECTOR

XeYeZ - COMPCNENTS CF THE VECTOR IN THE UNPRIMED COORDINATE SYSTEM
XPyYPsZP ~ CCMPCNEMTS COF THE VECTOR IN THE PRIMED COORDINATE SYSTEM
PHIPSI+THETA - THE THREE EULER ANGLES
CPHIZCPSILCTHETA - TIME RATE OF CHANGE OF THE EULER ANGLES
WXPsWYPosWZP - THE PRIMED CCMPONENTS OF THE INSTANTANEQUS ANGUL AR
VELGC ITY VECTOR
J — CCNTRCL INTEGER., -1 IMPLIES XPoYP,ZP INFUT, X.Y»Z OUTPUT.
C IMPLIES NC RCTATICN. 1 IMPLIES X,Y,P INPUT, XP,YP,ZP CUTPUT,
K - COCMNTROL INTEGER. -1 INPLIES WXP,WYP,WZIP INPUT, DPHI,DPSI,
OTHETA CUTPUT. O IVPLIES NO ANGULAR VELCCITY COMPUTATIONS.
1 IMPLIES CPFILLPSI,DTHETA INPLTy hXP,KYP,WZP OUTPUT.

XPt+1=PHI*.017453292¢

XPSI=PS1*.0174522¢%z¢

XTH=THETA*,(174532G25

IFGJ}1Cs12411

X={COS(XPSI)*CCS(XPHI)~COSUXTHI*SIN{XPHI )*SIN(XPSI)}*XP+{-SINIXPSI
1I*#CCSOXPHI )-CCSUXTH)*SIN(XPHI)*COS(XPSTI ) *YF+{SIN(XTH)*SINC(XPHI) )*
21p
Y=(CCSUXPSII*SINIXPHI)+COSIXTHI*COSUXPHII*SINIXPSI))*XP+{-SIN(XPS!
11¥SINCXPHIV#CCS(XTHI*COS(XPHI J*¥COS{XPSI)I%YF+(~SIN(XTH)*COS(XPHI))
2%71p
Z={SIN(XTH)ASINIXFSI))*XP+(SIN(XTH)*COS(XPS1))*YP+(COS{XTH) )*Zp

GO 10O 12
XP={COSIXPSI)*COSUXPHI)-CCS(XTH)*SIN(XPHI)*SIN(XPSI)}*X+(CCS{XPSI)
L*SINUXPHII+COSEXTH) *COS(XPHIIXSINIXPSI) ) %Y+ {SINIXTH)*SIN(XPSI) )*Z
YP={=-SIN(XPSI ) *COS{XPHI)-COSUXTH)*SIN{ XPHI)*COSIXPSI))*X+(-SIN(XPS
TEDRSINCXPHI J+COSUXTHIXCCSUXPHII*CCSUXPSI) I *Y+{COSIXPSI)I*SINIXTH))*

27

ZP=(SINIXTHI*SINIXPFI) ) *X4(-SIN(XTH)*COS{XPFI})*Y+COS{XTH) *Z
IF(K)13,415414

CPHI=(WXPHSINIXFSI}+WYPXCCS(XPSI))I/SIN{XTH)
DPSI=nwZP=(CCSUXTH)*{WXP*SINIXPSI) +WYP*COS(XFSTI)))I/SINIXTH)
DTFETA=WXP*(OS(XPSI)-wYP*SINIXPSI)

GG 1C 15

WXP=CPFI*SIN(XTH)¥SIN{XPSI}+OTHETA*COSIXPSI)

WYP=LPHI*SIN{ XTH)*CCS{XPSI )}-DTHETA*SIN(XPSI)
WZF=DPSI+DPHI*COS{XTH)

RETLRN

ENC
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SLBROUT INE VECTCR{JDIDECS,RAS,DECE ,RAE,DECC yRAC ySXs SYs SZyEXyEY EZ,
1CX3CY4CZ,4IBCDY)

THIS SUBROLTINE COMFLTES THE POSITICN CF THE SUN, EARTH, AND

CANCPUS IN THE PLANETOCENTRIC, PLANET EQUATCR, COORDINATE SYSTEM AND
WRITES CATA., THIS RCUTINE CALLS SUBROUTINES EEARTH, EMARS, EVENUS, PRECES’
LATLNG, DOTs RECECs RECVEC, AND REQMEQ.

JD - JULIAN CATE 81 TIME OF INTERESTY

IEGLY - CONTROL INTEGER. 2 IMPLIES VENUS, 4 IMPLIES MARS.
CECSoRAS — LCECLINATION ANC RIGHT ASCENSION CF THE SUN.
CECEsRAE = CECLINATIGN ANC RIGHT ASCENSION OF THE EARTH.
DECCosRAC = LECLINAT IGN AND RIGHT ASCENSION OF CANOPUS.
SXeSYySZ - UNIT VECTOR FRCM THE PLANET TO THE SUN.

EXyEY,EZ — LNIT VECTIOR FRCM THE PLANET TO THE EARTH.
CxyCYyCZ — ULNIT VECTOR FRCM THE FLANET TO CEINGPUS.
REAL JC

RC=57.295775512C8z22

CALL EEARTH{JDy XHEs YHE » ZHE yDXHE +DY HEsDZHE }
CALL PRECES12433228Z24+y-.0€C364(592,.60342839,-.79513092,JD,CXE,CYE,C
12€)

IF(1BODY.EQ.4) GO TC 2

IF({ 1BODY.EQ.2) GG TC 1

CALL EVENUSU(JC yXFP o ¥Y+P o ZHPyOXHPyDYHP ,DZHP)
GO 10 3

CALL EMARS{JD o XtEPoYFF o ZHP yCXHP ¢ DYHP ,DZHP)

XHPE=XHE-XHP

YEPE=YHE-YFF

IHP E=ZF E-ZHP
RSE=SCRTUXHE**24YHEXF2+ZHE**2)
RSP=SIRT{ XHP*¥2 +YHF #%2 + IHP *%2)
RFE=SCRT(XHFE** 24YPE*% 247+ PE*%2)
SE X=XHE /R SE

SEY=YFE/RSE

SEZ=ZHE/RSE

SP x=XHP /RSP

SPY=YFP/RSP

SPZ2=1IHP/RSP

PEX=XFPE/RPE

FEY=YHPE/RPE

PEZ=2FPE/RPE

CALL LATLNGU(SEXsSEY +SEZ ¢EFLATLEHLONG)
CALL LATLANG (SFX oSPY 4SPZ PFLAT, PHLONG)
CALL . COTUSEXySEY SEZ+SPXySPYSPZ,LESP)
CALL DOT(SEX,SEY,SEZ+PEX,FEYWPEZ,SEP)
CALL DCTUSPXSPY SPZ+-PEXy=-FEYy—-PEZ,SPE)
CALL RECEQUUDy=SFXys=SPY y—SP2Z SXEWSYE,SZE)
CALL RECEQUJUCPEXsPEYyPEZL,EXEZ,EYEVEZE)
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IF(IBOCY.EQ.2 ) GC 1C 4
IF(IBOCY.EQ.4) GO TC 5

4 CALL REQVEC(JIDy SXEy SYE2»SZESX9SY,SZ4DECSIRAS)
CALL REQVEC(JC,EXEsEYELEZE EX,EY yEZ+DECEyRAE)
CALL RECGVEGQUJL CXELCYEZCZEZCXsCY,CZyDECC,RAC)
GC 1C 6

5 CALL RECMEQUUL +SXEsSYE2SZE+SX9SY4SZ,0ECSyRAS)
CALL RECMEC{JC,EXEEYEZEZE2EX9sEY4EZ+DECEWRAE)
CALL RECMEQUJC+CXE2CYECZE)CX2CY CZyDECC,RAC)

6 XPS=SX*RSP
YPS=SY#RSP
ZPS=SI%RSP
XPE=EX*RPE
YPE=EY®RPE
ZPE=EZ*RPE

IFL IBODY.EQ.2) GG T1C 7

IF(IBODY.EQ.4) GC TC 8
7 WRITE(64101) XHFsYHF,ZHP,PHLAT 4 PHLONGy XHE »YFE+ZHE, EHLAT, EHLCNG

WRITE(E,102) XFSyYFS4ZPSCECS,RAS»XPE,YPE,ZFE.DECERAE
WRITE(64103) SXsSYeSZ+EXsEYHEZCX,CY,C2Z
WRITE(641C4) FPEJRSENRSPSEPLESPySPE

GC 1C €CC
8 WRITEL6,105) X+FyYHP,ZHP s FHLAT sPHLONG » XHE s YHE yZHE »EHLAT L EHLUNG

WRITE(E,1C6) XES,YPS,ZPS,LCECS RAS,y XPEy YPEy ZFE 4DECE,RAE
WRITE(E,10T) SXeSYySZsEXIEYWEZH4CXyCYC2Z
WRITE(6,1C8) RPEWRSENRSPISEPIESP,SPE

101 FORMAT (*CHELICCENTRIC ECLIPTIC (MEAN EQUINOX OF DATE)I*//724X,%X {
IKM) % 48X 9%Y (KM)* 49X o%Z (KNM)X,9Xy *LATITUDE*, 7X,*LONGITUDE*//% VENU

25% 36X WS5EL6.T//% EARTHX yEX+5E16.7)

102 FORMAT{*CAPFRODICCENTRIC (VENUS EQUATOR, VENUS EQUINOX)*//24X, *X
L (KM)#,8Xy %Y (KM)#2,9X,%Z (KM)*,6X,% DECLINATION RIGHT ASCENSION*
2//7% SUN#¥,TX,5EL6.7//% EBRTH%*,5X,5E16.7)

102 FCRMAT (14HC UNIT VECTORS//12H SUN 3E16.7//712H EARTH 3E

11€6.3//712F CANOPLS 3E16.7)
104 FGRMAT (29HOVENUS-EARTH DISTANCE (KM) = E16.8//29H SUN-EARTH DISTAN

1CE (KM) = El6.8//29H SUN-VENUS DISTANCE (KM) = E16.8//29H VENU
2S-EARTE-SUN ANGLE = E16,8//29H VENUS-SUN-EARTH ANGLE = E16
3.8//29H EARTH-VENLS-SUN ANGLE = E16.8)

105 FORMAT(*CHELICCENTRIC ECLIPTIC (MEAN EQUINOX OF DATE)I*®//24X,%X |
IKM )% p8X o %Y (KM)*,GX %72 (KN)* 49X, %L ATITUDE*, X *LONGITUDE*//* MARS
2%9EX 2 5E16.T//% EARTHEX,EX4EEL6.T)

106 FORMAT (*%0CAREOCENTRIC {MARS EQUATOR, MARS EQUINOX)*/ /24X %*¥X {KM)*
198Xs%Y (KM)%,9X y%Z (KM)*, EXy* DECLINATION RIGHT ASCENSION®//% S
2UN%*7Xs5EL16.7/7/% EERTH%,5X45EL6.7)

107 FORMAT(14HhC UNIT VECTURS//12H SUN 3E16.7//12H EARTH 3E
116.7/7/12H CANQOPUS 3E16.T)

18 FURMAT(28HCMARS~EARTH DISTANCE (KM) = E16.8//284 SUN-EARTH CISTANC

1E {(KM) = El6.8//28H SUN-MARS DISTANCE (KM) = E16.8//28H MARS-EA
2RTH-SUN ANGLE = El6.8//28H MARS-SUN-EARTH ANGLE = E16.8//2
38H EARTH-MARS~SUN ENCLE = E16.8)
ECC RETLRN
END



APPENDIX C

INPUTS AND OUTPUTS

The definitions of all input and output parameters are given in this appendix along
with a sample input and the corresponding program output.

Definitions of the program input follow:

Program
symbol

JD
SVDECE

SVRAE

VINF
HA

HP
BFRST

BLAST

BSTEP

TLAST

TSTEP

IBODY

SUN1

SUN2
SUN3
SUN4
SUNS
SUN6

Mathematical
symbol

JD,

83, EE

AS,EE

hy

hp
Bt

B

A

At

J20

IBODY

41

(2]
v3
¥4
¥s5
¥

Definition of Input

Units
day
deg

km/sec
km
km

deg

deg

deg

day

day

none

none

deg

deg
deg
deg
deg
deg

e —

Definition

Julian date of arrival at planet

Declination of the incoming hyperbolic asymptote
at the planet in the Earth equinox and equator
coordinate system

Right ascension of the incoming hyperbolic
asymptote at the planet in the Earth equinox
and equator coordinate system

Hyperbolic excess velocity at the planet
Apoapsis altitude of the orbit about the planet
Periapsis altitude of the orbit about the planet

The first orientation angle of the orbital plane
to be considered where 0° = p; = 3600,
(See fig. 1.) If an iteration is performed on
8, the value of g; must be an integer. A
rational value may be input if only one incli-
nation is considered.

The last orientation angle to be considered where
0° =g, 5360° and is an integer; B, need not
be input if only one inclination is considered.

Orientation step size where A s 0; A8 must
not be input if only one inclination is considered.

The last time in the planet orbit to be considered
where t; is measured from arrival; t; is
considered zero if not input.

Time step size in the planet orbit; At need only
be input if tl is input.

Second zonal harmonic of the planet; Jg, is
considered zero if not input. (For Mars,

Jgg = 0.002075.)

Integer indicator
IBODY =2 for Venus
IBODY = 4 for Mars

First Sun angle. The angle between the planet-Sun
vector and the planet-spacecraft vector where
0° <y; ¥ need only be input if Sun angle date
is desired, in which case up to six different
values of ¥ may be input.

Second Sun angle

Third Sun angle

Fourth Sun angle

Fifth Sun angle

Sixth Sun angle
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Sample Input

The program input is loaded by using a FORTRAN IV namelist. A sample set of

jinput data is as follows:

$CASE JD = 2441533.5,
SVDECE = 62.94,
SVRAE = 120.12,

VINF = 4.33,
HA = 20000,
HP = 1000,
BFRST =0,
BLAST = 60,
BSTEP = 10,
IBODY = 2,
SUN1 = 60, SUN2 =70, SUN3 = 80, SUN4 = 903
Definition of Output
Definitions of the program output follow:
Progr‘anﬁ. k—M_aiv:hematical . s aps
symbol symbol Units Definition
Julian date JdD¢ day Current Julian date
Arrival date The calendar date of arrival at the planet
SVDECE 0S,EE deg Defined under input (see SVDECE)
SVRAE AS,EE deg Defined under input (see SVRAE)
VINF V. km/sec | Defined under input (see VINF)
— .- . R

The following output parameters are referenced to the mean planet equinox and
equator of date coordinate system. They are listed in the same order in which they

appear in the sample output.

56

Program Mathematical . s ais
symbol symbol Units Definition
SVDECP 5S,PE deg Declination of the incoming hyperbolic
asymptote at the planet
SVRAP AS,PE deg
bolic asymptote at the planet

Right ascension of the incoming hyper-




Program
symbol

HA

HP

JD
PLAT
PLONG
PX

PY
Pz
QX

QY
QZ
wX

wY
wz
VELSUN

SMA
ECC

INC
ARGPER
ARGNOD
DECSUN
RASUN
DECETH

RAETH

Mathematical
symbol

hy

hp
D,

APPENDIX C

Units

km
km
day
deg
deg

none

none
none

none

none
none

none

none
none

deg

km
none
deg
deg
deg
deg
deg
deg
deg

Definition

Defiﬁed under input (see HA)
Defined under input (see HP)
Current Julian date

Latitude of periapsis
Longitude of periapsis

X-component of the P unit vector of
the PQW triad

Y-component
Z -component

X-component of the Q unit vector of
the PQW triad

Y-component
Z-component

X-component of the W unit vector of
the PQW triad

Y -component
Z-component

Angle between velocity vector at periap-
sis and the Sun vector

Semimajor axis of orbit about the planet
Eccentricity

Inclination

Argument of periapsis

Longitude of ascending node

Declination of the Sun

Right ascension of the Sun

Declination of the Earth

Right ascension of the Earth
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Program 7 Mathematical . s ars
symbol symbol Units Definition
XSUN Xe none X-component of the unit vector from the

planet toward the Sun

YSUN Yo none Y-component

ZSUN Zg none Z-component

XEARTH Xg none X-component of the unit vector from the

planet toward the Earth

YEARTH Ve none Y-component

ZEARTH Zg none Z-component

PERIOD p hour Period of the orbit about the planet
XCANPS Xc none X-component of the unit vector from the

planet toward the star Canopus

YCANPS Ve none Y-component
ZCANPS Z. none Z -component
ZAP ZAP deg Angle at the planet between the Sun vec-

tor and the incoming hyperbolic
asymptote (S-vector)

SvVp o] deg Angle between incoming hyperbolic
asymptote and the vector from the
planet to periapsis

VPE Vpe km/sec | Velocity at periapsis of the elliptical
orbit about the planet

VAE Vae km/sec | Velocity at apoapsis of the elliptical
orbit about the planet

VPH Vph km/sec Velocity at periapsis on the hyperbola

DELV AV km/sec | Deboost velocity (Vph - Vpe)

XJ20 J90 none Defined under input (see XJ20)

TIME t min Time in orbit measured from periapsis

to the point in question

T.A. f deg True anomaly of the point in question

U Y




Program
symbol

ALT
DEC
RA

V/H

Mathematical
symbol

h

i)

A
V/h

APPENDIX C

Units

km
deg
deg

sec'1

Definition

Altitude of the point in question
Declination of the point in question
Right ascension of the point in question

Ratio of horizontal velocity to altitude at
point in question

59



09

Sample Output

Samples of the output as received from the program follow:

JULIAN CATE

YEAR
CALENLAR [2TE 72
ARRIVAL DATE 72

HELICCENTFIC ECLIPTIC

X (KM)
VENUS 1.0202678E +CE
E8RT 1.CCGE4G3E+CE
APHRCLICCENTRIC
X
SUN -8.18C2037E+C1?
EARTH ~24.2€GE443E+CT
UNIT VECTORS
SUN -7.5156421E-C1
EARTH -4.1350426E-01

CANQFUS
VENUS-ESRTH DISTANCE {(KM)
SUN-EARTH LISTANCE (K¥)
SUN-VENLS CISTANCE (K¥)
VENUS-EAR TH-SUN' ANGLE
VENUS-SLN'ElRTH ANCLE

EZRTH-VENLS-SUN ANCLE

(KM)

Be12E5CE9E-C2

]

2441522,.5

MONTH DAY
8 4
8 4

(MEAN ECUINCX OF CATE)
Y (KM) Z (KM}
-3.45CCSTE2E+CT -6.4203809E+(C6
-1.122586GE+(C8 0.
(VENLS ECQUATCR, VENUS EQUINGX)

Y (KM) 7 (KM)

Te1372691E+CT

-7.1997858E+407 —-4.505372%E+(C5

€.5574357E-(1

~9.1C LE43€E-Cl -5.6GT4911E~-02

3.12C34626~-C1 -~9.4625934E-C1

TaSCTE435TE+CT
1.51771370E+C8
1.08€4237SE+C8
4.23G€T32€32E+01
25544075CE+01

1.06€59189E+02

T7.8121254E+C¢

T.1774666E-02

LATITUDE LONGITUDE
-3.3B817195E+00 -1.8518755E+01
0. ~4 .82888T4E+01

DECL INATION RIGHT ASCENSION
4.1159245E+00 1.3889514E+02

-3.2644396E-01 -1.1442558E+02

O XIgNHdAdV
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BETA

TIME FAST
SVCECE= 6 .29400000E+01
SVRAP = 8.70988412E+401
PLAT = 1.8492024EE+(C1
FZ = 3.17172819E-01
WX = 3,55188E827E-01
SMA = 1.65E5CCCCE+04
ARGNED= 2.7623G274E+01
RAETH = -1.14425580E+02
XEARTH= -4.1350426CE-D1
XCANFS= £.1255(C588E~-02
Svp = 4,47839227E+Cl
DELV = 2.C1752CE5E+0C
SUN ENGLE €0.C CEC AND
SUN ANGLE 60.C DEC AND
SUN ANGLE 70.C DEG AND
SUN ENGLE 7G.0 CEC AMND
SUN ANGLE 8C.0 DEG aND
SUN ANCLE 80.0 DEG AND
SUN BNGLE SC.0 DEC 4ND
SUN ANGLE 90.0 CEG AND
SUN CCCULTATION TIME

ENTEF SUN OCCULTATICN
EXIT SUN CCCULTATICN

EARTH CCCULTATION TIME

ENTER EARTH CCCULTATION

EXIT E#RTF OCCULTAT ION

CANCFLS CCCULTATICN TIME
ENTER CANCPUS OCCULTATION

EXIT

(ANCPLS GCCULTATICN

= 50.CCCC
ARRIVAL = C.0 oAYS
SVRAE = 1.2C120000E+02
HA = 2.0CCCOCNOE+04
PLONG = 4.329216B27E+0L
X = -6.,28135792E-01
hY = -6.78723055E-01
ECC = 5.72806753E-01
DECSUN= 4.11%562452€+00
XSUN = -T7.51564211E-01
YEARTH= -9.1C4€4358E-01
YCANPS= 3.13034915E-01
VPE = 84492C2890E+00
XJ20 = 0.
TIME
CEC, S/C ASC 12. 30
INCy $/C CSC 91.32
CEC, S/C ASC 8.03
INC, S/C CSC 126.21
DEC, S/C ASC 4442
INCy S/C CSC 167.23
CECy S/C ASC 1.11
INCy S/C DSC -181. 27
0.00
0.00
0.00
22.97
-10.97
11.99
0.00
0.090
0.00

x
N
wononoHon g

T.A.

46,64
142. 47
3l. 84
157.27
18.01
171.10
455
~175.45

Cc.CC
¢.00

317.75
45,63

(VENUS EQUATCR, VENUS EQUINCX)

4 +33000000E+00 SVLCECP= 4.57515624E+01
1.00000000E+03 JD = 2.44153350E+06
6.83098535E~01 PY = 6.57858492E-01
3.26431033E-01 Qz = 6,97298711E-01
6.42787610E-C1 VELSUN= 4.19521438E+01
5.00000000E+01 ARGPER= 2.445885T0E+01
1.38895138E+(2 DECETH= -3.26443962E-01
6.55743573E-01 ISIN = T.17746656E-02
-5.,69749114E-C3 PERIOC= 6.54043860NE+00
-9.46259344E-01 ZAP = 6.11941244E+01
2. 30653727E+CC VPH = 1.05095498E+01
ALT DEC RA V/H
1912.76 46 +45 B89.58 «30393299
14334,23 3.97 -160,86 0020556
1410.80 39.59 T1.57 00568941
17539. 44 -1.32 -151.27 «0001452)
1128.78 31.15 58.1C 20738890
19585.12 -11.85 -142.23 00011967
10G8. 16 2l.81 47.24 .00841363
19860.03 -21.81 -132.76 00011646
G.00 0.00 0.00
0.00 0.00 0.00
1740.23 -13.53 15.97
1871.47 46.08 88.23
0.00 0.00 2.00
C.00 0.00 N.00

O XIANHdAAV
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BETA

TIME PAST
SVLECE= 6 .294C0CCCE+0C]
SVRAP = £.7(S88412E+QL
PLAT = G.53023(C77E+Q0
P2 =  1.65567673E-C1
WX = 6.7064438¢E-01
SMA = 1.65E5CCCUE+US
#RGNCC= £.C7500715€+131
RAETE = -1,14425580E+02
XEARTH= =-4,1350426(CE-01
XCANFS= £.12E505¢€€E-C2
svp = 4.47839327€E+01
CELV = 2.01752(85E+00
SUN ENCLE €C.0 DEC AND
SUN ENGLE 60.0 CEC AND
SUN ANGLE 70.0 DEC AND
SUN ANGLE 70.0 CEC AND
SUN ANGLE 80.0 CEC AND
SUN ANGLE 80.0 DEG 4ND
SUN ANGLE S0.0 DEC AND
SUN ANCLE 99.0 DEG AND
SUN CCCULTETICN TINME

ENTER SUN CCCULTATION
EXIT SUN CCCULTATICN

EARTH OCCULTATIGN TINE
ENTEF EARTH OCCULTAT ION
EXIT E£RTF OCCULTATION

CANOPUS CCCULTATICN TIME
ENTER CANCPUS OCCULTATICN
EXIT CANCFLS OCCLLTATION

= 60.0C00
ARRIVAL = C.0 DAYS
SVRAE = 1.2C120C0CE+0C2
HA = 2.0CCCO0J0E+C4H
PLUNG = 5.€2123S76E+01
Qx = ~5.,01C16087E-01
WY = -5.47538C51E-01
ECC = 5.,728C6753E-01
DECSUN=  4.115G2452E+00
XSUN = -T7.51564211E-91
YEARTH= -9.1C4€4358E~01
YCANPS= 3.13034G15E-01
VPE =  B8449202890E+00
XJ20 = 0.
TIME
INCy S/C CSC 36,46
DECy S/C ASC 12.92
INC, S/C LSC 66.78
CEC, S/C ASC 5.75
INCy S/C DSC 102.41
CeCy S/C ASC «90
INC, S/C DSC 150, 38
CEC, S/C ASC -3.50
0.00
0.00
0.00
25.38
~-13.42
11.96
0.00
0.00
0.00

(VENUS EQUATCR,

VENUS EQUINOX)

4.33000000E+0C SVCECP= 4,57515624E+01
1.00000030E+03 JC = 2.44153350E+06
5.47009130E-C1 PY = B8.20590189E-01
1.62467333E-01 Qz = B8.,50051320E-C1
5.C0000000E-C1 VELSUN= 5.,70371716E+01
6.0000000GE +01 ARGPER= 1.1D0217390E+01
1.38895138E+02 DECETH= -3,26443962F-01
6.55743573E-01 ISUN = T7.17746656E-02
=5.69749114E-03 PERIOD= 6.54043860FE+00
~9.46259344E-01 ZAP = 6.11941244E+01
230653 727E+00 VPH = 1.,05095498E+01
ALy DEC RA V/H
6671.89 52.42 -177.86 00070690
1997.22 48 .35 91.22 00372731
11162.31 34.48 -152.61 00031252
1215.08 29.15 69.54 «00678292
15510.85 18.34 -1404.29 00017962
1005.37 12.71 58.23 00844028
18657.04 2.85 -130.90 00012674
1081.06 =2.85 49,10 «00776639
0.00 0.00 0.00
0.00 0.00 0.00
2068.20 -33.16 28.59
1867.02 46,26 87.86
0.00 0.00 2.0C0
0.00 0.00 .00

O XIONHddV
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